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Summary
SUMMARY
The primary aim of this study was to investigate the effects of seed inoculation with the 
biocontrol agent Pseudomonas fluorescens strain FI 13 (producing the antibiotic DAPG) 
and its modified derivative strain F113G22 (with DAPG production disrupted)on the 
uptake of nitrogen by pea and wheat plants.
Uptake of N by the two plant species was investigated in soil microcosms amended with 
^^N-labelled fertilisers (urea or ammonium nitrate) or ^^N-labelled plant residues. 
Uptake of fertiliser-N was unaffected by inoculation. However, uptake of N derived 
from organic residues was enhanced in pea inoculated with either strain. In contrast, 
uptake of N by wheat was reduced in the presence of either strain F113 or F113G22, 
suggesting that the effects of these microbial inocula on N-mineralisation in the 
rhizosphere were dependent on plant species.
It was subsequently found that microfaunal populations, especially soil nematodes in 
the rhizosphere of inoculated pea were significantly larger than those associated with 
the rhizosphere of non-inoculated controls. In wheat, however, microfaunal populations 
in the rhizosphere of inoculated plants were lower than those associated with non­
inoculated controls. These trends were repeated using simple sand microcosms into 
which soil bacteria and the bacterial-feeding nematode Caenorhabditis elegans were 
introduced. This suggested that effects on N-mineralisation were mediated by changes 
in populations of microbial-feeding microfauna.
As a possible explanation for the increased nematode populations in the rhizosphere of 
inoculated pea plants, the nematicidal effects of pea seed exudates on C.elegans were 
investigated in small-scale sand systems. It was found that exposure to non-inoculated 
pea seeds reduced the short-term survival of C.elegans as compared to unamended sand, 
and that survival was greater in the presence of pea seeds inoculated with either strain 
than non-inoculated seeds, suggesting that nematicidal compounds released by 
germinating pea seeds were utilised by the P.fluorescens strains. No such effects were 
observed for wheat.
© Copyright Melissa Brimecombe 1999.
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Introduction
Ciiapter 1
AIMS AND OBJECTIVES
The principle aim of this thesis was to investigate the effects of the introduction of 
Pseudomonas fluorescens strains FI 13 (a potential biocontrol agent due to the 
production of the antibiotic 2,4-diacetylphloroglucinol) and F113G22 (a modified 
derivative of F113 with biocontrol capacity genetically disrupted) on nitrogen cycling in 
the rhizosphere. More specifically it aimed to address whether the introduction of these 
strains might result in changes to plant nitrogen uptake.
There are many aspects of the nitrogen cycle which could potentially be influenced by 
the lai ge-scale introduction of bacteria to the rhizosphere of crop plants. Ultimately the 
most important aspects from an agricultural standpoint are the plant availability or 
uptake of N, since these are most likely to influence crop productivity.
There are three main inputs of nitrogen into agriculture, namely nitrogen fixation by 
diazotrophs, the application of nitrogenous fertilisers, and the mineralisation of soil 
organic nitrogen.
The first aim was therefore to investigate the effects of strains F113 and F113G22 on 
the uptake of nitrogen derived from fertilisers and from mineralised organic residues 
incorporated into soil by wheat and pea plants. The second aim of this project has been 
to investigate the effect of Pseudomotias fluorescens strains F113 and F113G22 on 
populations of soil microfauna, especially nematodes, in the rhizosphere of these crops, 
because of their key role in the mineralisation of organically-bound nitrogen.
Chapter 1
OUTLINE OF THIS INTRODUCTION
In the following introduction, the role of fluorescent Pseudomonas spp. in biocontrol is 
considered, with particular reference to the production of antibiotics by fluorescent 
Psetfdomonas spp. The salient characteristics of Pseudomonas fluorescens strains F113 
and F113G22 are subsequently reviewed, with specific mention of possible side-effects 
of the introduced strains.
Secondly, concepts relating to the rhizosphere (such as the rhizosphere effect, 
rhizodeposition, factors affecting root exudation and rhizosphere populations) are 
reviewed, along with some theoretical aspects relating to the methods used in this thesis 
to determine rhizosphere populations (fluorescent Pseudomonas species, protozoa, 
nematodes, biomass).
Finally, aspects relating to nitrogen dynamics in soil and in the rhizosphere are 
discussed, with mention of the use of tracer studies and isotope-ratio mass 
spectrometry as tools to study the N-cycle. This is followed by a brief outline of the 
thesis.
10
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FLUORESCENT PSEUDOMONAS SPECIES AND BIOLOGICAL CONTROL
For almost one hundred years, biological control of soil-borne plant disease has been 
studied purposely (Cook and Baker, 1983). However, until relatively recently, the 
widespread use of biocontrol agents had not been thought to be commercially viable. 
Concern surrounding the hazards associated with the large-scale application of chemical 
pesticides however, has led to a reappraisal of the benefits of using biocontrol agents as 
an alternative to the introduction of often recalcitrant chemicals to the soil environment.
A wide range of rhizobacteria with the potential for biocontrol have been described 
(Weller, 1988), however, fluorescent Pseudomonas spp. seem particularly promising. 
Fluorescent Pseudomonas spp. have been implicated in the natural suppressiveness of 
several soils to particular pathogens (Alabouvette, 1990; Schippers, 1992; Lemanceau 
and Alabouvette, 1993) and early reports of yield increase of crops including potato, 
sugarbeet, wheat and radish, following the application of strains of Pseudomonas 
fluorescens and Pseudomonaspiitida to seeds or tuber pieces (Burr et al., 1978; Suslow 
and Schroth, 1982; Geels and Schippers, 1983a, 1983b; Kloepper, 1983; Weller and 
Cook, 1983), stimulated much interest in the use of members of this group for 
biocontrol.
Fluorescent Pseudomonas spp. are now known to suppress a wide variety of plant 
pathogens (Schippers et al., 1987; Weller, 1988). Various mechanisms have been 
proposed to account for the observed decrease in disease occurrence. These include 
direct effects such as competition for nutrients (Elad and Baker, 1985; Elad and Chet, 
1987), or ecological niche (Lindow, 1983), competition for iron by the production of 
siderophores (Kloepper et al., 1980; Leong, 1986; Schippers et al., 1987; Loper and 
Buyer, 1991), production of specific antibiotic compounds (Howell and Stipanovic, 
1979, 1980; Gurusiddaiah et a l, 1986; Fravel, 1988; Thomashow and Weller, 1988; 
Keel et al, 1992; Shanahan et a l, 1992; Harrison et a l, 1993;) and the production of 
toxic volatile compounds such as cyanide (Voisard et a l, 1989). Further, indirect 
effects such as induction of plant disease resistance (Wei et a l, 1991; Van Peer et a l,
1991) have also been found to account for some reduction of disease in response to the
11
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presence of fluorescent Pseudomonas spp.
In addition, some strains of fluorescent Pseudomonas spp. may exert direct effects on 
plant growth, for example by increasing the availability of mineral nutrients or by 
producing plant growth regulators (Lifshitz et a l, 1987; Lynch, 1990), which may 
account for plant growth promotion in soils where plant pathogens are not present.
The ability of a biocontrol strain to function successfully in the field will depend largely 
on the phenotypic characteristics expressed by that strain. Fluorescent Pseudomonas 
spp. have been shown to be well adapted to growth in the rhizosphere, and able to 
compete effectively for available sites in the rhizosphere where nutrients are available 
(Bowen and Rovira, 1976; Kloepper et a l, 1991). They are able to use a large variety 
of organic substrates including components of root exudates (Vancura, 1980) and are 
able to respond rapidly to increases in substrate supply or nutrient availability. Their 
growth rate in the rhizosphere therefore often exceeds that of many other bacteria 
(Bowen and Rovira, 1976). These traits, coupled with their natural ability to produce a 
range of secondary metabolites including antimicrobial compounds (Leisinger and 
Margraff, 1979; Fravel, 1988; Thomashow and Weller, 1988; Lynch, 1990; Keel et a l,
1992) make fluorescent Pseudomonas spp. ideal microbial inoculants for improving 
plant health and production.
Production of Antibiotics by Fluorescent Pseudomonas spp.
The production of antimicrobial secondary metabolites by some strains has been 
recognised as a major factor in the suppression of root pathogens by fluorescent 
Pseudomonas spp. (Howell and Stipanovic, 1979; Leisinger and Margraff, 1979; 
Howell and Stipanovic, 1980; Fravel, 1988; Thomashow and Weller, 1988; Lynch, 
1990; Keel et a l, 1992, Shanahan et a l, 1992; Harrison et a l, 1993). A number of 
these antibiotic compounds have been chemically characterised and include N- 
containing heterocycles such as phenazines (Gerber et a l, 1969; Gurusiddaiah et al,, 
1986; Brisbane et a l, 1987), pyrrol-type antibiotics (Imanaka et a l, 1965; Hashimoto 
and Hattori, 1966a, 1966b), pyo-compounds (Hays et a l, 1945) and indole derivatives
12
Chapter 1
(Wratten et al., 1977). A small number of non-nitrogen containing antibiotic 
compounds have also been isolated from fluorescent Psendomonas spp., and among 
these is 2,4-diacetylphloroglucinol (DAPG), one of only three phloroglucinols isolated 
from fluorescent pseudomonads. Phloroglucinols are classified according to the 
presence of the 1,3,5 -trihydroxyb enzene group which places them in the structural 
sequence phenols, catechols, phloroglucinols, as shown in figure 11.
Figure 11 Chemical structures of phenol, catechol, phlorogucinol and 2,4-
diacetylphloroglucinol
OH
Phenol
Phloroglucinol 
(R = H)
OH
HO
Catechol
OHH X
HO OH
2,4-Diacetylphloroglucinol
Ethanone 1,1-(2,4,6, trihydroxy-1,3- 
phenylene) bis
(R^CHaCQ-)
DAPG has been shown to be involved in the control of a number of plant pathogens. 
For example. Keel et al, (1992) found production of DAPG by Pseudomonas 
fluorescens strain CHAO inhibited Thielviopsis hasicola and Gaeumannomyces 
gi'aminis var. tiitici, the casual agents of black root rot of tobacco and take-all of wheat 
respectively. Pseudomonas fluorescens strain Q2-87 was also shown to suppress take-
13
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all of wheat by the production of DAPG (Vincent et al., 1991; Harrison et al., 1993) and 
strain Pf-5 was found to inhibit growth of the plant pathogens Pythinm ultimimi, 
Bhizoctonia solani and Erwinia carotovora subsp. carotovora (Nowak-Thompson et al., 
1994) by the production of DAPG.
Characteristics of Pseudomonas fluorescens strains FI 13 and F113G22
Pseudomonas fluorescens strain FI 13 was isolated from the root hairs of sugarbeet and 
found to produce the antibiotic DAPG (Shanahan et al., 1992). The growth of plant 
pathogenic fungi Pythium ultimum, Phoma beta, Rhizopus stolonifera and Fiisarium 
oxysporum were found to be inhibited by strain FI 13 in vitro due to the production of 
DAPG (Shanahan et al., 1992). The strain was also found to protect sugarbeet seedlings 
from damping-off in microcosms prepared with soil infested with the causal pathogen 
Pythium (Fenton et al., 1992). FI 13 has further demonstrated biocontrol activity 
against the potato sofr-rot pathogen Ef'winia carotovora subsp. ati'oseptica (Cronin, 
1997a) and the potato cyst nematode Globodera rostochiensis (Cronin, 1997b), and in 
both cases the beneficial effects have been attributed to the production of DAPG by the 
strain. A derivative strain FI 13/acZY has the marker gene cassette lacTX inserted into 
the chromosome for monitoring purposes.
Strain F113G22 is a Tn5::/acZY DAPG-negative derivative of FI 13 which does not 
have the ability to inhibit the growth of plant pathogenic fungi (Shanahan et al., 1992). 
The transposon is inserted within the DAPG biosynthetic locus, and the insertion is 
stable under in vitro conditions (Fenton et al., 1992; Shanahan et al., 1992). The strain 
was found to colonise the rhizosphere of sugarbeet similarly to the DAPG positive 
Tn5;;/acZY-marked derivative of FI 13 (Fenton etal., 1992).
The presence of the marker gene cassette lacTX enables the sensitive tracking of the 
introduced organisms in environmental samples and is a marking system which has 
been developed largely to by-pass the problems associated with conventional antibiotic- 
marking methods, which are particularly ineffective for fluorescent pseudomonads 
(Barry, 1986; Drahos et al., 1986). The lacTX marking system relies upon the
14
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introduction and expression of the Escherichia coli K12 lac operon genes lacZ and 
lacY, which confer the ability to utilise lactose by encoding the enzymes |3- 
galactosidase and lactose permease. The unexpected inability of most, if not all 
fluorescent Pseudomonas spp. to efficiently utilise lactose as a sole carbon source 
(Drahos et al., 1986) permits efficient metabolic selection of marked strains on defined 
laboratory media after inoculation into soil.
The lacZY genes were first inserted into the chromosome of a Pseudomonas 
fluorescens strain using a transposon delivery system as reported by Barry (1986) and 
Drahos et al. (1986). The altered strain was indistinguishable from its parent except for 
its associated ability to catabolise lactose. Expression of the lacZ gene (encoding 
production of p-galactosidase) allows cleavage of the indicator dye X-gal (5-chloro-4- 
bromo-3-indoyl-p-D-galactopyranoside), resulting in the formation of bright blue 
colonies on solid media. Chemical structures and cleavage of lactose and X-gal 
molecules by (3-galactosidase are illustrated in figure 1-2.
The presence of the lacZY marker genes in both the strains used for these studies 
allowed enumeration and distinction between the introduced /acZY-marked fluorescent 
Pseudomonas strains and indigenous fluorescent Pseudomonas isolates on selective 
agar media amended with X-gal. P-1 medium was used in these studies since it allows 
selective growth of Pseudomonas spp. producing fluorescent pigment (Katoh and Itoh, 
1983). The lacZY marked strains thus form blue colonies on P-1 medium amended 
with X-gal, whilst the unmarked, indigenous strains form mostly white colonies on this 
medium. Plate T1 shows blue colonies of the lacZY marked strain FI 13 on P-1 
medium amended with X-gal.
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Figure 1.2 Cleavage of Lactose and X-gal by P-galactosidase
HOCK HOCK
HO OH
HO OH HO OH
Lactose 
Galactose-p (l-4)-glucose
HOCH
HO
HO OH
X-Gal
5-bromo-4-chloro-3-indoyl (3-D-galactopyranoside
§ Arrows indicate position of bonds hydrolysed by P-galactosidase
Potential Side-Effects oï Pseudomonas ffuorescens strains F113 and F113G22
The effective colonisation of the rhizosphere by biocontrol bacteria is essential for the 
protection of crops against plant pathogens (O’Sullivan and O’Gara, 1992; Weller and 
Thomashow, 1994). This, therefore, generally involves the delivery of high numbers of 
biocontrol bacteria into the soil, which inevitably raises concerns about safety (Doyle 
and Stotzky, 1993). Indeed, DAPG has been shown to be toxic to a number of bacteria 
such as E.coli (Shanahan et al., 1992) and Envinia carotovora (Levy et al., 1992; 
Nowak-Thompson et al., 1994; Cronin et al., \991?i). Pseudomonas solanaceamm.
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P. fluorescens 
F1I3
Plate 11 Blue colonies of /acZY-marked Pseudomonas fluorescens strain FI 13 
growing on P-1 medium amended with X-gal
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Xanthomonas campestris and Clavibacter michiganemis (Levy et al., 1992). In 
addition, DAPG has been found to be toxic to a number of fungi (Vincent et al., 1991; 
Fenton et a l, 1992; Keel et a l, 1992; Shanahan et a l, 1992; Harrison et a l, 1993; 
Nowak-Thompson et a l, 1994), nematodes (Cronin et a l, 1997b) and plants (Reddi et 
a l,  1969; Keel et a l, 1992). Because of the wide range of organisms that might be 
affected by DAPG, it is important to assess whether the introduction of Pseudomonas 
fluorescens strains producing DAPG could affect non-target populations of soil 
organisms such as plant symbionts. An example here is the arbuscular mycorrhizal 
(AM) symbioses which form a key component in agroecosystems. Barea et a l (1998) 
investigated the effects of Pseudomonas fluorescens strains FI 13 and F113G22 on the 
formation of AM associations by Glomus mossae, a representative AM fungal species 
from temperate ecosystems. They found that neither strain FI 13 or FI 13G22 exhibited 
detrimental effects on the AM fungus as indicated by mycorrhizal colonisation (indeed 
both strains appeared to improve AM associations) as compared to non-inoculated 
control tomato plants. Andrade et a l (1998) investigated the effects of strains FI 13 and 
F113G22 on nodulation of pea by introduced and indigenous Rhizobium spp. 
Furthermore, the effects of the different microbial inocula on the colonisation of pea 
roots by mycorrhizae were studied. It was found that Pseudomonas fluorescens strain 
FI 13 increased nodulation by Rhizobium fourfold, while the proportion of roots 
colonised by arbuscular mycorrhizae was not significantly affected by the different 
treatments.
In addition to possible effects on non-target populations, it is also important to assess 
the impact of the bacterial introduction on biological processes within the soil. Whilst 
estimates of impact on selected populations in the rhizosphere may provide a valuable 
indicator of perturbation to that environment, it is perhaps the function or processes 
carried out by these populations which need to be addressed if a broader understanding 
of the introduction of bacterial inoculants is to be gained. Naseby and Lynch (1998), 
for example, used a range of enzyme activities as an indicator of perturbation arising 
from the introduction of Pseudomonas fluorescens strains. They found that in the 
rhizosphere of pea grown in soil microcosms, introduction of strain FI 13 led to 
increased alkaline phosphatase, phosphodiesterase and aryl sulphatase activities and
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decreased P-glucosidase, P-galactosidase and N-acetyl glucosaminidase activities. 
Since enzyme activities are inversely proportional to available nutrients, these results 
were suggested to be indicative of a decrease in available phosphate and sulphate and an 
increase in available carbon in the rhizosphere of pea inoculated with FI 13 (Naseby and 
Lynch, 1998).
In the studies described in this thesis, possible effects on the soil nitrogen cycle are 
investigated. Soil nutrient cycles may be considered to be the result of the cumulative 
function of soil organisms and their interactions with plants and the soil environment. 
Consequently, any disruptions to such cycles may indicate a more functional change to 
the soil ecosystem as a whole than a simple change in population numbers. It is the 
supply of nitrogen more than the supply of any other nutrient in soil, which limits crop 
production, and for this reason it is especially important to assess any changes which 
may result in decreased plant availability of N. In agroecosystems, the primary concern 
is inevitably maximisation of plant yield. Therefore advantages of any agent introduced 
into soil to improve plant health or crop yield by biocontrol of plant pathogens must 
outweigh any potential detrimental side-effects on the supply of nitrogen (which may in 
turn limit crop production or negate the beneficial effects on plant growth).
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THE RHIZOSPHERE
Introductions of plant growth promoting bacteria into soil to provide plant protection or 
direct growth stimulation rely on the ability of inocula to effectively colonise the 
rhizosphere of target crops. A knowledge of interactions within the rhizosphere may 
therefore help better predict the effectiveness and potential side-effects of such 
introduced organisms.
Hiltner first used the term ‘rhizosphere’ in 1904 to describe specifically the interaction 
between soil bacteria and legume roots. The term now has more widespread application 
and is often used to describe the interaction between any living root and the associated 
populations of organisms within the soil. The rhizosphere is generally considered to be 
the zone of soil subject to the influence of living roots, where rhizodeposition stimulates 
or inhibits microbial populations and their specific activities. The exact dimensions of 
the rhizosphere are difficult to define accurately, since the influence of roots on the 
surrounding soil decreases with distance so that no sharp boundaries between influence 
and no influence can be defined. Further, the dimensions of the rhizosphere are likely 
to be dynamic, changing with soil physical and chemical conditions and with plant 
factors such as plant age and stage of development.
Populations of organisms within the rhizosphere include species of both the microflora 
(bacteria, fungi, algae) and the microfauna or meiofauna (protozoa, nematodes, 
microarthropods). The kinds and numbers of these organisms in the rhizosphere are 
related either directly or indirectly to rhizodeposits and thus vary according to the same 
environmental factors that influence rhizodeposition. The majority of microorganisms 
within the rhizosphere, and in soil generally, are saprophytes, providing a critical link 
between plant and soil environments by mediating the mineralisation and turnover of 
inorganic nutrients present in the soil which would otherwise not be directly available to 
plants. In general, such organisms are unable to induce disease under conditions 
favourable to plant growth. In addition, there are now known to be a large number of 
specific plant beneficial microorganisms, which through a variety of mechanisms may 
improve plant growth or plant health. The rhizosphere may also attract plant pathogens.
2 0
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Known soil-bome agents of plant disease include fungi, bacteria, viruses and 
nematodes. It is important to consider the ecology of all these components and their 
interactions with one another in any rhizosphere studies.
The Rhizosphere Effect
The ‘rhizosphere effect’ refers to any chemical or physical influence of living roots on 
microbial or soil faunal activity and subsequent effects on plant health and vigour. The 
primary contributing factor to this so-called rhizosphere effect is root exudate, and 
depending on the exudate components involved and the physiological nature of the 
organism responding, the net effect may be one of stimulating or inhibiting a particular 
organism in the associated microflora or fauna (Curl, 1982).
In many cases, increases in total population biomass and activity in the soil surrounding 
the roots of living plants are observed, when compared to those in the bulk soil. Barber 
and Lynch (1977) and Merckx et al. (1986) found enhanced microbial growth in the 
rhizosphere due to the larger availability of substrate in the rhizosphere as compared to 
the bulk soil. Concentrations of microbes in the rhizosphere can reach up to 10^  ^ or 
even 10^  ^cells per gram of rhizosphere soil (Foster, 1988), with numbers between 10^- 
1 0  ^being fairly typical. Invertebrate numbers in the rhizosphere have been shown to be 
at least two orders of magnitude greater than in the surrounding soil (Lussenhop and 
Fogel, 1991).
It is the availability of organic substrates released from roots which appears to result in 
increased population densities associated with the rhizosphere. Newman (1985) found 
that these soluble and insoluble rhizodeposits ranged from 10-250 mg per gram of root 
produced, for a number of crop species. The nature of these organic substrates will be 
considered in the following sections.
Rhizodeposition of Organic Substances
Materials deposited by roots into the rhizosphere can be divided roughly into two main
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groups; firstly, water-soluble exudates such as sugars, amino acids, organic acids, 
hormones and vitamins, and secondly, water-insoluble materials such as cell walls, 
sloughed-ofF materials and other root debris and mucilage such as lysates released when 
cells autolyse (Rovira et al., 1979; Cheng et al., 1993). In addition, carbon dioxide 
from root respiration often accounts for a large proportion of the carbon released from 
roots. Further, secretions such as polymeric carbohydrates and enzymes, depending on 
metabolic processes for their release, may also be regarded as root exudates. Some 
authors favour categorising root exudates by their nature of release, however, since it is 
usually very difficult to distinguish experimentally between ‘true’ exudates and organic 
compounds from other sources such as secretions and lysates, many authors use the 
approach of Uren and Reisenauer (1988) and Rovira (1969) who consider exudates to 
be all organic substances released by healthy and intact roots to the environment. 
Meharg (1994) has further suggested that categorising organic carbon compounds 
according to their nature of release tends to oversimplify the interpretation of carbon 
budgets in the rhizosphere, since this approach does not reflect substrate availability 
within the rhizosphere. It was suggested that perhaps a better categorisation is to 
classify organic carbon lost from plant roots in terms of their subsequent utilisation as a 
microbial substrate i.e. as low molecular weight compounds readily assimilated by the 
microbial biomass, as polymeric and more complex compounds such as 
polysaccharides, polypeptides, nucleic acids, pigments and the like, requiring 
extracellular enzymic activity to break them down before they can be assimilated, or as 
structural carbon sources such as cell wall materials, requiring saprophytic degradation 
before carbon becomes generally available to the rest of the soil biomass. This 
approach would appear to be more relevant to the study of rhizosphere microbial 
population dynamics.
Table T1 overleaf lists some of the types of materials released by plant roots in the 
process of rhizodeposition.
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Table 11 Typical components released during rhizodeposition
Type of component Exudate component
Sugars Glucose, fructose, sucrose, maltose, 
galactose, ribose, xylose, arabinose, 
raffinose, oligosaccharide.
Amino compounds Asparagine, glutamine, aspartic acid, 
leucine, serine, glycine, cysteine, 
methionine, phenylalanine, tyrosine, 
lysine, proline, tryptophan, arginine, 
homoserine.
Organic acids Tartaric, oxalic, citric, malic, acetic, 
propionic, butyric, succinic, fumaric, 
glycolic, malonic acids.
Fatty acids and sterols Palmitic, stearic, oleic, linoleic acids, 
campestrol, stigmasterol, sitosterol.
Growth factors Biotin, thiamin, niacin, choline, 
pantothenate, inositol, pyridoxine, n- 
methyl nicotinic acid.
Nucleotides, flavenones and enzymes Flavenone, adenine, guanine, 
uridine/cytidine, phosphatase, invertase, 
amylase, protease, polygalacturonase.
Volatiles and gases Ethanol, methanol, formaldehyde, 
acetaldehyde, propionaldéhyde, formic 
acid, acetone, propylene, carbon 
dioxide, ethylene, hydrocyanic acid.
Miscellaneous compounds Auxins, fluorescent compounds, 
glycosides, saponin, organic 
phosphorus compounds, nematode 
attractants and egg-hatching factors, 
fungal mycelial growth stimulants and 
inhibitors, bacterial stimulators and 
inhibitors.
§ Adapted from Curl, E. A. and Tnielove, B. (1986). The Rhizosphere. Springer-Verlag, New York. 
Table 3.2.
Most of the substances noted in table 1.1 were detected in exudates of plants grown in 
microbe-free environments, however many of these compounds have also been 
extracted from or detected in natural rhizosphere soil (Curl and Truelove, 1986). The 
majority of the substances identified are water-soluble, a fact that has been largely 
dictated by the techniques and methods available for their extraction and analysis. 
Some of the major classes of exudates are discussed below.
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Carbohydrates
Early recognition that root exudates contain a variety of sugars and amino acids 
providing readily available carbon and nitrogen sources for microbial growth lead to 
increased research attention being directed towards these compounds. Quantitatively, 
specific sugars in root exudates of two different plant species under the same culture 
conditions may be similar or may vary considerably, as shown in comparisons between 
barley and wheat by Vancura (1964). Whereas oligosaccharides, arabinose, fructose 
and xylose were only slightly different, galactose was three times higher in barley than 
in wheat, and glucose and rhamnose were approximately twice as high in wheat than in 
barley exudates when expressed as percentage of reducing sugars released. Further 
studies found quantities of reducing sugars to be higher in root exudate of bean or wheat 
as compared to cucumber or barley (Vancura and Hanzlikova, 1972).
Amino acids
Exudates of different plants compared under identical conditions may differ greatly in 
both the kind and quantity of specific amino acids released from roots. For example, 
early work by Rovira (1956, 1959) found that seven times as much exudate from oats as 
from pea roots was required to provide sufficient material for a single chromatogram. 
The principle compounds identified in pea-root exudate by paper chromatography were 
found to be homoserine, threonine, a-alanine, glutamine, serine and asparagine, 
whereas oat-root exudate yielded predominantly serine, lysine and glycine. Later 
studies by Boulter et al. (1966) using ion-exchange chromatography found that the 
spectrum of amino acids in exudate from 14-day old pea seedlings was similar for 
plants grown in nutrient culture medium or quartz sand, but specific amino acids 
occurred in greater amounts when grown in sand. For example, the quantities of 
homoserine released by pea into quartz sand were found to be over seven times greater 
than those released into solution culture.
Organic acids and lipids
The release of low molecular weight organic acids from roots has been noted in several 
plant species. Rivière (1960) found 6 -week old wheat plants exuded acetic, proprionic, 
butyric, valeric and malic acid in the largest amounts, with other organic acids exuded
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only in trace amounts. Cieslinski et al. (1997) grew plants in sterile nutrient solutions 
and found that organic acids varied significantly between cultivars of durum wheat and 
flax. They found oxalic, malonic, fumaric, succinic, acetic, malic, citric and tartaric 
acids in exudates of both species, with oxalic and acetic acids predominant in wheat 
exudates and oxalic, acetic and malic acids predominant in flax exudates.
Bacteria such as the fluorescent Pseudomonas spp. have been shown to be able to utilise 
most low molecular weight organic acids as carbon sources via the Krebs cycle (Latour 
and Lemanceau, 1997). In addition, the release of organic acids by plant roots has been 
implicated in the solubilisation of nutrients in soil. For example, Otani et al. (1996) 
found that organic acids released by pigeonpea were important in the release of P from 
ferric- and aluminium phosphates. Kraffczyk et al. (1984) found organic acids were 
important in the release of cations, especially potassium, from soil. Such effects 
increase the availability of these ions for plant uptake (Marschner, 1995).
Fatty acids and sterols are often essential for the activities of some microorganisms, and 
have also been reported as root exudate components. Palmitic, oleic and linoleic acids 
were found to be released by bean roots (Papavizas and Kovacs, 1972) and peanut was 
found to release palmitic, stearic, oleic, linoleic and linolenic acids in addition to 
cholesterol, campesterol, stigmasterol and sitosterol (Thompson and Hale, 1983). The 
appearance of free sterols in root exudates is interesting considering their relative 
insolubility in aqueous solution, but implications of sterol release into the rhizosphere 
are considerable since some fimgi which colonise plants require an external source of 
sterols to complete their life cycles (Bean, 1973).
Growth Factors
The vitamins required by certain microorganisms in the rhizosphere may be provided 
from three sources: synthesis by other microorganisms, decomposition or autolysis of 
plant and animal tissues, and exudation from plant roots. Several studies have shown 
that plant roots add to the supply of B-group vitamins within the soil (Curl and 
Truelove, 1986), with bioassays carried out by Rovira and Harris (1961) revealing the 
presence of biotin, pantothenic acid, niacin, riboflavin (vitamin B2) and thiamine in root
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exudates from various plant species. Biotin was found to be released in the greatest 
quantities, with 0*1-16 pg biotin ml"^  of exudate detected in exudate from ten different 
plant species.
Volatiles, gases and miscellaneous compounds
Many of the exudate components discussed above might be expected to act as nutrient 
sources for the soil microflora. However, a wide variety of other miscellaneous, defined 
and undefined compounds are also released by the roots. Some of these, such as 
hydrocyanic acid and saponins may be inhibitory rather than stimulatory to microbial 
growth. A number of chemically undefined substances have been simply termed 
nematode or fungal stimulators, attractors or inhibitors. This has arisen partly as a 
consequence of the methodology for determining the nature of root exudates having 
been selective for water-soluble and non-volatile compounds. Water-insoluble and 
volatile compounds may be especially important in the rhizosphere in terms of 
microbial inhibition. Volatiles, being composed of compounds of relatively high 
vapour pressure, can move through soil in both the liquid and gas phase. Seeds have 
been found to release gaseous and volatile compounds during the water-imbibing and 
germination stage. Vancura and Stotzky (1976) found germinating seeds and seedlings 
of pea liberated ethanol, methanol, formaldehyde, acetaldehyde, propionaldéhyde, 
formic acid, acetone, ethylene and propylene. Other species investigated (pine, bean, 
corn, cotton, cucumber) also released some or all of these compounds in varying 
concentrations. Studies on wheat have demonstrated the evolution of acetaldehyde from 
root exudates (Nance and Cunningham, 1951; Plhak and Urbankova, 1969).
Under this heading of ‘miscellaneous compounds’, it is also important to mention the 
input represented by the root itself. It is very difficult to distinguish experimentally 
between materials exuded from roots and degradation products of sloughed root cells 
released as the root grows. However, sloughed cells and their degradation products no 
doubt represent a substantial input of organic material into the rhizosphere. For 
example, Moore and McClelen (1983) found that in maize, approximately 5000 cells 
per day are lost by sloughing-off of root cap cells. Griffin et al. (1976) found that in 
peanut plants cultured axenically in solution culture, tissue representing 0*15% of the
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plants total carbon and nitrogen was sloughed per week. In sand or soil, organic matter 
loss in the form of debris from roots is likely to be much greater than this due to 
mechanical impedance.
Many studies have been canied out to try and quantify rhizodeposition. Many have 
involved growing plants in solution culture under gnotobiotic conditions and collecting 
exudates, sloughed cells or mucilage, with further studies involving inoculation of 
plants with various microorganisms. Chemical analyses and '^^ COs feeding experiments 
have been widely used to investigate qualitative and quantitative effects of root 
exudation, with more recent attention being focused on determining exudation in natural 
field soil. A few of these studies are mentioned below in relation to rhizodeposition of 
caibon and nitrogen and factors effecting root exudation.
Carbon Rhizodeposition
The input of carbon into soil via rhizodeposition and the decay of roots has been 
quantified in several studies using either pulse or continuous ^"^COz-labelling techniques 
(Whipps, 1990; Cheng et a l,  1993; Meharg, 1994; Swinnen, 1994; Swinnen et al,,
1995). Using these techniques, the proportion of net fixed C released from roots has 
been estimated to be as much as 50% in young plants (Whipps, 1990) but less in plants 
grown to maturity in the field (Keith et al., 1986; Jensen, 1993). Lynch and Whipps 
(1990) estimated that as much as 40% of the plants primary C production may be lost 
through rhizodeposition depending on plant species, age and environmental conditions. 
It is such variables, along with methodological inconsistencies which probably account 
for most of the differences between estimates of rhizodeposition. Although many 
studies have attempted to quantify the amount of rhizodeposition associated with 
various plant species, still relatively little is known about the exudation process itself. 
Whilst early studies of rhizodeposition assumed that once C compounds were lost from 
the root they were irretrievable, it has more recently been ascertained that this is an 
oversimplification of soil-root C fluxes. Studies by Jones and Darrah (1992, 1994,
1996) found, for example, that the influx or re-sorption of soluble low molecular weight 
carbon compounds may play an important role in regulating the amount of C lost by the
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root.
Radioactive labelling techniques have, however, permitted the precise location of 
exudation sites along roots (Rovira and Davey, 1974). The region of meristematic cells 
behind the root tip was found to be a site of major exudation of both sugars and amino 
acids. Significant amounts of exudates are also released from the region of root 
elongation and from sites where lateral roots emerge from primary roots. Consequently 
it is often such sites which are most extensively colonised by bacteria and fungi, and 
where other rhizosphere populations accumulate preferentially (Curl and Truelove,
1986).
Nitrogen Rliizodepositioii
In addition to carbon rhizodeposition, of considerable importance to nutrient cycling is 
the rhizodeposition of nitrogen. Nitrogen is deposited in the rhizosphere as NH3 
(Boulter et al., 1966), N H / (Brophy and Heichel, 1989), NO3" (Wacquant et al, 1989), 
amino acids (Rovira, 1956; Boulter e ta l,  1996; Hale e ta l, 1978) cell lysates, sloughed 
roots and other root derived debris. Despite N deposition having a significant role in N- 
cycling and rhizosphere N-dynamics, studies of N-input from the root have been fewer 
than of C-input mainly due to methodological problems. Janzen and Bruinsma (1989) 
estimated that for wheat up to 50% of the assimilated N was present below-ground and 
approximately half of this was apparently released from the root into the rhizosphere 
soil. In barley, 32% and 71% of the below-ground N was present in rhizodeposits after 
7 and 14 weeks plant growth respectively. At maturity the rhizodeposition of N 
amounted to 20% of the total plant N.
It is also well known that substantial amounts of N may be released from roots of 
legumes (Virtanen et a l, 1937; Wilson and Wyss, 1937; Brophy and Heichel, 1989). 
Jensen (1996), for example, found N deposition constituted 15% and 48% of the below- 
ground N in pea 7 and 14 weeks after planting. At maturity the rhizodeposition of N 
amounted to 7% of total plant N.
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Coevoliitioii of Plants and Rhizobacteria
Whilst rhizobacteria may derive obvious benefit from the significant quantities of root 
exudates released into the rhizosphere, the microbes of the rhizosphere in turn have a 
significant influence on the nutrient supply to the plant, by competing for inorganic 
nutrients and by mediating the turnover and mineralisation of organic compounds. Thus 
the deposition of organic materials stimulates the microbial growth and activity in the 
rhizosphere which subsequently controls the turnover of C, N and other nutrients 
(Klemedtsson et a l, 1987; Merckx et a l, 1987; Robinson et a l, 1989). Whilst 
rhizodeposition strongly influences the size and activity of microbial populations at the 
soil-root interface, the activity of these microbial populations in turn affect plant health 
and therefore influence both the quality and quantity of rhizodeposition. The potential 
for either an exudation response to bacteria by the plant or a response by bacteria to 
exudation suggests a certain degree of coevolution between plants and rhizobacteria 
(Nehl et al., 1997), Since the composition and extent of exudation is largely determined 
genetically (Hedges and Messens, 1990; Bolton et a l, 1993) and may incur a substantial 
metabolic cost, exudation must provide a selective advantage to plants. Indeed, Bolton 
et al. (1993) suggested that root exudation evolved in plants to stimulate an active 
rhizosphere. This is feasible if one considers that there exists a high degree of 
selectivity for specific bacteria according to host plant genotype, and that certain 
microbial interactions in the rhizosphere have the ability to improve plant growth and 
plant health. Whilst components of the stimulated rhizosphere microbial population 
have the ability to be either beneficial or harmful to the plant, in terms of plant nutrition 
and plant health there is most likely to be a balance between beneficial and detrimental 
organisms in favour of beneficial organisms (Bowen and Rovira, 1991).
Factors Affecting Root Exudation and Populations in the Rhizosphere
Plant Species
Different plant species have been reported to differ in root exudation patterns and/or 
microbial communities in the rhizosphere. It is most likely that plant genotype affects 
the composition of the rhizosphere microbial community through differences in root
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exudate composition. Gross differences have been observed in the amounts of fixed 
carbon released by annuals and perennials (Harris et al., 1980), with annuals releasing 
much less C than perennials. This effect may in part be due to perennials having to 
invest more of their assimilates to survive all year round. It has further been suggested 
that crop plants may have a greater effect on rhizosphere populations than tree species 
(Curl and Truelove, 1986). Between more closely related plants, several studies have 
reported that both the quantity and quality of root exudates varies between plant species 
(Vancura and Hanzlikova, 1972; Rovira and Davey, 1974; Curl and Truelove, 1986). 
For example, early work by Rovira (1956) found both quantitative and qualitative 
differences between the exudates of peas and oats grown aseptically in quartz sand. 
Over a 21-day period, peas released 22 amino compounds whilst oats released only 14. 
The proportions of the various amino acids were also found to differ between the two 
species. Subsequent studies have shown differences between species for amino acids, 
sugars, the B-group vitamins and various other compounds in root exudate. Rovira 
(1959) found amino acid exudation by Phalatis and tomato exceeded that of clover 
growing in nutrient solution. Vancura (1964) found differences in the amounts and type 
of amino acids and sugars released by young barley and wheat plants grown in solution 
culture.
Although both the type and amount of exudation components released by a plant are 
influenced by environmental conditions, they are predominantly under genetic control 
(Hale et al., 1978). This may account for observed differences in rhizosphere 
microflora and/or root exudates between plant species and between varieties of the same 
plant species (Martin, 1971; Miller et al., 1989, Cieslinski et al., 1997). The type of 
compounds released by plant roots appear to strongly influence the bacterial 
composition and activity in the rhizosphere, as shown by the preference of certain 
bacteria for exudates of different plant species (Chan et al., 1962; Rovira, 1965). 
Furthermore, differences in bacterial colonization between cultivars of the same plant 
species have been shown to be related to differences in exudation spectra i.e. subtle 
differences in compounds released by roots of different cultivars (Christensen-Weniger 
et al., 1992). This suggests that it may be possible to manipulate the rhizosphere flora 
through genetic changes to the host plant.
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Plant Age or Stage o f Development
Both root exudation and microbial colonisation have also been shown to change with 
plant age and stage of development. The quantity of both proteins (Juo and Stotzky, 
1970) and carbohydrates (Hamlen et al., 1972) released by plants have been shown to 
decrease with increasing plant age. Liljeroth and Bââth (1988) found bacterial 
abundance on the rhizoplane of several barley varieties significantly decreased with 
increasing plant age. Keith et al. (1986) measured relative amounts of carbon 
translocated to the roots and rhizosphere during different developmental stages of wheat 
grown in the field. As the crop developed, it was found that proportionally less of the 
total photosynthesised carbon was transported below-ground, with a marked decrease 
after flowering. Microbial numbers in the rhizosphere had previously been shown to 
increase over time, reaching a peak around the time of flowering and then decreasing 
(Martin, 1971). Such changes in microbial colonisation could be due to changes in total 
amounts of carbon exuded per unit root produced or related to changes in the microbial 
availability of exudates released.
Plant Grotvth
Prikryl and Vancura (1980) found that the release of root exudates from wheat roots was 
positively correlated with root growth. The amounts of substances released by the roots 
were directly associated with root growth, and in plants where almost no root growth 
was observed almost no root exudation occurred, even in plants whose shoots were 
actively growing.
Presence o f Microorganisms
Barber and Martin (1976) grew '^^COz-labelled wheat and barley plants in either 
sterilised or non-sterilised soil. They found that under sterile conditions 5-10% of the 
photosynthetically fixed carbon was released by roots, compared with 12-18% released 
by the roots in non-sterile soil. In addition, more carbon was exuded by the roots of 
barley than by wheat, and this was found to be associated with higher numbers of 
bacteria in the rhizosphere of barley.
Several studies have also shown that the presence of specific microorganisms in the
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rhizosphere increases root exudation. This stimulation of exudation has been shown to 
occur in the presence of free-living bacteria such as Azospirillum, Azotobacter and 
Pseudomonasputida (Prikryl and Vancura, 1980; Lee and Gaskins, 1982; Heulin et a l,
1987) and has been shown to be species specific. For example, Meharg and Killham 
(1995) found that metabolites produced by Pseudomonas aeruginosa stimulated a 12- 
fold increase in ^"^C-labelled exudates from perennial ryegrass roots as compared to non­
inoculated roots. However, under the same conditions, metabolites from an 
Arthrobacter species had no effect on root exudation.
Root exudation has also been shown to be increased in the presence of symbiotic 
organisms such as mycorrhizae (Snellgrove et a l, 1982; Schwab et a l, 1984). 
Furthermore, exudates from mycorrhizal root systems and from nodulated root systems 
have been found to differ from their non-mycorrhizal or non-nodulated counterparts 
(Hale and Moore, 1979; Curl and Truelove, 1986). For example, inoculation of alfalfa 
with Rhizobium sp. resulted in an increase in non-reducing sugars, ortho- 
dihydroxyphenols, amino-N, polygalacturonase and pectin methylesterase in the root 
exudate, whereas reducing sugars and total phenols decreased as compared to non- 
nodulated alfalfa plants (Hale and Moore, 1979).
It should also be noted that there are often effects of plant-pathogenic microorganisms 
on root exudation. Both foliage-infecting microorganisms and root-infecting pathogens 
can induce changes in the metabolism of carbohydrates, amino acids, proteins, lipids, 
nucleic acids and growth regulators (Hale and Moore, 1979), resulting in more root 
exudation and higher populations of microorganisms around roots. Increases in 
exudation induced by root pathogens may in part be attributed to direct effects in which 
root cells are injured and cell contents are released into the rhizosphere (Curl and 
Truelove, 1986).
Rovira and Davey (1974) cited four ways in which microorganisms may affect root 
exudation. These were (1) by affecting the permeability of root cells, (2) by affecting 
the metabolism of roots, (3) by the absorption of certain exuded compounds, and (4) by 
altering nutrient availability to the plant.
32
Chapter 1
The permeability of root cells may be altered by antibiotics and other microbial 
metabolites released into the rhizosphere. Changes in cell membrane permeability can 
lead to increased exudation of compounds by diffusion across electrochemical potential 
gradients.
The rhizosphere is a zone of intense microbial activity where the interactions between 
the rhizosphere microflora and the plant are very complex. The mucigel coating on the 
surface of roots provides a matrix in which microorganisms, soil nutrients, water and 
gases are in intimate contact (Curl and Truelove, 1986). In soil already low in nutrients, 
the microflora through competition with the plant may create nutrient deficiency. On 
the other hand, the plant may benefit from microbial activity which releases nutrients 
from insoluble or unavailable forms, making them available to the plant. In either case, 
the growth of the plant and root exudation are affected by the presence of 
microorganisms.
The mechanism of microbially-induced exudation may not always be directly related to 
plant metabolism. Differences in the amount of exudation in solution culture between 
axenically cultured plants and those grown in the presence of microorganisms may be 
due to increases in the concentration gradient between root and nutrient solution created 
by the microbial utilisation of certain compounds in the exudate or in the nutrient 
solution (Curl and Truelove, 1986).
Environmental Factors
The effect of physical factors such as temperature, soil moisture content, pH and oxygen 
availability on microbial survival and activity in soil are well documented (for a review 
see Van Overbeek and Van Elsas, 1997). It is also widely acknowledged that these 
same factors influence plant growth, and may therefore influence both root exudation 
patterns and rhizosphere microbial populations. However, it is also recognised that 
different plants may react differently to a given environmental change, and that likewise 
different microorganisms may respond differently to changes in their surrounding 
environment. Often, environmental conditions which are stressful to plant growth, can 
induce greater carbon loss through exudation (Curl and Truelove, 1986). In addition.
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environmental factors which affect diffusion rates of exudates in soil may also 
significantly influence rhizosphere microbial growth and population dynamics 
(Newman and Watson, 1977). |
I
The effects of environmental factors such as temperature (Rovira, 1959; Vancura, 1967;
Martin and Kemp, 1980), soil moisture (Martin, 1977), oxygen availability (Ayers and 
Thornton, 1968; Russell, 1973; Drew and Lynch, 1980; Trought and Drew, 1980;
Whipps and Lynch, 1986), light intensity (Rovira, 1959) and CO2 concentration (Norby 
et al., 1984, 1987; Rillig et al., 1997), on rhizodeposition and rhizosphere microbial 
populations have been investigated in a number of plant species. In the studies 
described in this thesis, however, environmental conditions have been kept as standard 
as possible in order to tiy and minimise the influence of these effects. However, the 
effect of nutrient availability and soil pH warrants further mention, in relation to the use 
of mineral fertilisers.
Both soil pH and the availability of nutrient ions in soil play important roles in 
rhizosphere dynamics and are often dependent on one another. Pronounced changes in 
the pH of the rhizosphere, by as much as one or two units often occur under agricultural 
conditions (Schaller, 1987), and such changes often occur because of the major 
influence of the form of nitrogen added on the cation/anion balance of plants. Plant root 
uptake of NH4  ^is balanced by the release of H^ by roots into the soil. In contrast, plant 
root uptake of NO3 is balanced by the release of OIL. The rhizosphere soil pH is 
therefore partly controlled by the source of mineral or fertiliser nitrogen to the plant, 
decreasing when ammonium is the dominant source of nitrogen and increasing when 
nitrate predominates. Such differences in pH caused by nitrate or ammonium nutrition 
can bring about large changes in the microflora (Smiley, 1974; Smiley and Cook, 1983) 
and in the nature and quantity of microbial substrates released by the roots (Bowen and 
Rovira, 1981).
In addition to plant influences on soil pH, there are numerous microbial processes 
carried out in the soil which may result in a change in pH. For example, all reactions of 
the nitrogen cycle can be associated with changes in soil pH, because it involves a range
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of nitrogen species carrying from between one net positive charge per N-atom (e.g. 
ammonium, NH4 "^ ), through neutral charge (e.g. dinitrogen, N2 ; urea, CO(NH2 )2) to one 
net negative charge per N-atom (e.g. nitrite, NO2 '; nitrate NO3 ). Microbial oxidation of 
ammonium to nitrite for example is an acidifying biological process. However, this 
process is generally not strongly acidifying under natural conditions and is only 
associated with a marked shift in pH after the input of ammonium-based fertiliser or in a 
weakly-buffered sandy soil (Killham, 1994). A microbial process which increases soil 
pH is the hydrolysis of urea catalysed by the enzyme urease, and soil pH has been 
shown to rise by up to 2 units in the immediate vicinity of a urea fertiliser granule 
(Tisdale et al., 1985). Microbial reactions involved in other nutrient cycles may also 
affect soil pH, for example the microbial oxidation of reduced sulphur in soil is 
potentially highly acidifying, especially after the application of elemental S fertiliser.
Soil pH most markedly affects plant growth tlirough the control of nutrient availability. 
The availability of mineral nutrients and nutrient uptake by root systems are logically 
related to the quantitative and qualitative release of nutrients into the soil surrounding 
roots. High pH in particular tends to affect the plant adversely by reducing the 
availability of manganese and iron. Phosphorus availability is also reduced due to the 
formation of calcium phosphates. Marked soil acidification tends to affect the plant 
adversely through increased availability, often to the point of toxicity, of aluminium and 
manganese. Phosphorus availability is reduced at low pH due to the formation of iron 
and aluminium phosphates.
Nutrient availability also plays a major role in exudation, with deficiencies in N, P or K 
often increasing the rate of exudation (Kraffczyk et al., 1984). It is believed that 
nutrient deficiency may trigger the release of substances such as organic acids or non- 
proteinogenic amino acids (phytosiderophores) which are thought to enhance the 
acquisition of the limiting nutrient by the plant (Tagaki et a l, 1984; Marschner, 1992). 
An example is the release of phenolic acids such as caffeic acid in response to iron 
deficiency, which results in an increase in uptake of the cation (Jolley and Brown, 1987; 
Marschner, 1992).
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Amide and amino acid exudation by Pinus radiata seedlings grown in aseptic 
hydroponic culture was found to double in phosphate-deficient media but decrease by a 
factor of 4 in nitrogen deficient media as compared with growth in complete nutrient 
solution (Bowen, 1969). Here, phosphate deficiency was believed to lead to an excess 
of free amide/amino nitrogen in the roots with increased exudation as opposed to low 
exudation by nitrogen-deficient plants.
Phosphate limitation due to uptake by the root may occur in the rhizosphere, with the 
formation of distinct P-depleted zones around plant roots. Further, the ability of most 
vesicular-arbuscular mycorrhizae to stimulate plant growth can usually be attributed to 
increased P-transport to the plant, mycorrhizae being highly efficient P-scavengers.
Use of Experimental Microcosms
In order to assess the role of the DAPG genes of Pseudomonas fluorescens on nitrogen 
uptake in crop plants it was considered important to compare the effects of strains FI 13 
and F113G22 in soil microcosm systems. Prior to the release of microorganisms for 
field studies it is important to be able to test the effects of microorganisms in conditions 
as closely related to the natural environment as possible but under controlled or 
repeatable environmental conditions. For this reason, all soil studies were carried out in 
standard microcosms containing a non-sterilised, well characterised field soil, but were 
conducted under controlled environmental conditions of temperature, light and initial 
soil water content. Subsequent studies described in the later chapters of this thesis tend 
more towards simplified experimental systems, with the use of artificial plant growth 
media (sterile sand amended with nutrients and soil bacteria), in order to minimise the 
number of ecological interactions within the system.
The soil microcosms used were described by Naseby and Lynch (1998) and are also 
described in Chapter 2 Materials and Methods section. Plates 1*2 and 1*3 show 
microcosms planted with wheat {Triticum aestivum) and pea (Pfsum sativum) 
respectively.
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Experiments investigating the interactions between introduced Pseudomonas 
fluorescens strains and plants were carried out using either pea {Pisum sativum cv. 
Montana) or wheat {Triticum aestivum cv. Axona). The pea variety used is grown 
extensively for the production of animal fodder, whilst wheat is one of the most 
important crops grown for human consumption in Europe and North America.
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Spring wheat 
Triticum aestivum 
cv. ‘Axona’
Plate 1-2 Soil microcosm planted with wheat {Triticum aestivum cv. Axona).
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Pea
Pisum sativum 
cv. ‘Montana’
Plate 1-3 Soil microcosm planted with pea {Pisum sativum cv. Montana)
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Microbial Biomass/Activity Measurements in the Rhizosphere
In some of the studies described in this thesis, active microbial biomass in rhizosphere 
soil was measured. There are many methods which have been employed in the 
determination of microbial biomass in soil, and they can be roughly divided into four 
classes as follows:
(1) Microbiological culture techniques such as plating and most probable number 
(MPN) techniques,
(2) Direct microscope counting,
(3) Biochemical methods,
(4) Kinetic methods.
Kinetic methods are used to measure the rates of specific metabolic reactions in 
incubation experiments with amended soil samples. The conversion factors are found 
by calculating the parameters of mathematical models describing microbial growth on 
the added substrate. These methods ignore resting biomass, and therefore give an 
estimation of the active biomass. Such assays are usually more precise and relatively 
easier to standardise than the other techniques listed. They also take into account the 
physiological state of the microbes. Examples of kinetic methods include measures of 
respiration and specific enzyme activities.
In the studies described in this thesis, an assay based on the hydrolysis of fluorescein 
diacetate (FDA) was used as an indicator of total active microbial biomass in soil 
(Swisher and Carroll, 1980; Schnurer and Rosswall, 1982). This is a relatively simple, 
inexpensive and accurate methodology which permits the easy estimation of microbial 
standing crops in or on natural substrates (Swisher and Carroll, 1980). FDA has 
previously been widely used as a vital fluorescent stain for soil fungi (Soderstom, 1977, 
1979); esterases, lipases or proteases associated with living fungal cells hydrolyse FDA, 
releasing fluorescein dye, which causes cells to fluoresce brilliant yellow-green under 
ultraviolet light.
The rate of enzymic hydrolysis of fluorescein diacetate to form fluorescein can be
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measured spectrophotometrically. Swisher and Carroll (1980) determined rates of FDA 
hydrolysis spectrophotometrically and found them to be proportional to the amounts of 
microbial cell mass present in populations of microepiphytes on Douglas fir needles, 
and therefore suggested it to be a good method for estimating microbial biomass on 
natural substrates. They also found that all categories of microbial cells showed FDA 
hydrolytic activity and that the method could be applied to a composite microbial 
community, and not just to a restricted group of microorganisms. The method has 
subsequently been used to determine the amount of total active biomass in soils (Federle 
et aL, 1986; Haigh and Rennie, 1994) and in mulches (You and Sivasithamparam, 
1994).
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SOIL NUTRIENT CYCLING
The main aim of this work was to determine the effects of introduced Pseudomonas 
fliiorescens strains FI 13 and FI 13G22 on the uptake of nitrogen by the plant. However, 
nitrogen uptake may be considered to be an end-point of the nitrogen cycle, and insight 
into the factors which determine other N transformations within the soil is also useful 
for predicting possible effects of microbial inocula on plant nutrient uptake.
Many of the important nutrients in the life cycle of plants, animals and microorganisms 
are cycled in soil between the soil organic matter and the inorganic nutrient pool. These 
so-called 'biological elements' (carbon, nitrogen, sulphur and phosphorus) form the 
main components of cellular tissue, and are initially absorbed by the lower forms of life 
as simple inorganic forms and are then converted to organic constituents within the cell 
(Killham, 1994). The death and decay of organisms and their tissues results in the 
release of inorganic ions and thus a cycle is established. It is important to appreciate, 
especially from a rhizosphere perspective, that nutrient cycling involves the activities of 
plants, microbes and the soil fauna. If one or more of these components are neglected, 
an incomplete view of nutrient transformations in soil may result.
In considering soil nutrient cycles, it is important to appreciate the significance of the 
interconnections between the elemental cycles; these cycles are often not temporally, 
spatially or functionally distinct cycles, but more usually closely associated with one 
another. For example, although some microbial nitrogen transformations in soil, such 
as the nitrification reactions, make use of the energy within a nitrogenous molecule, 
most transformations of nitrogen depend on the associated supply of carbon. The flow 
of N in soil is therefore intimately associated with the flow of C.
In addition, the processes involved in one nutrient cycle may bring about changes to the 
soil environment which also affect other processes and cycles. For example, all 
reactions of the nitrogen cycle can affect soil pH, because it involves a range of nitrogen 
species carrying from between one net positive charge per N-atom (e.g. ammonium, 
NHj’*^), through neutral charge (e.g. dinitrogen, N2 ; urea, CO(NH2)2) to one net negative
42
Cliapter 1
charge per N-atom (e.g. nitrite, NO2 '; nitrate NO3"). These changes in pH will affect 
cycles of P and S as well as other processes such as root exudation.
The Nitrogen Cycle
Nitrogen is essential for all forms of life, being the main component of amino acids 
which are required for the synthesis of cell peptides and proteins. Plant growth in soils 
throughout the world is often restricted by the supply of available nitrogen. 
Consequently, it is the supply of nitrogen more than the supply of any other nutrient in 
soil, which limits crop production. As a result of this, some 40 x 10  ^tons of nitrogen 
are applied globally as fertiliser every year to increase crop productivity (Killham, 
1994).
Nitrogen is present in many forms in the biosphere, and the soil and atmosphere 
represent vast resources of nitrogen, with molecular dinitrogen (N2 ) constituting 78% of 
the earth's atmosphere. However, atmospheric N is not directly available to plants and 
animals; the acquisition of nitrogen requires the breaking of the highly stable triple 
covalent bond between two nitrogen atoms (N=N), a reaction plants and animals do not 
have the capacity to carry out. On the other hand, nitrogen present in the forms of 
nitrate and ammonia or ammonium are readily assimilated by higher plants. Shifts 
between the different oxidation states of nitrogen are commonly mediated by soil 
organisms, and among the major nutrients, nitrogen has the greatest propensity to exist 
in the gaseous state. In the NO3 ' state, it is readily soluble in water and is thus subject to 
leaching and water transport. In the NH4  ^ form, it is subject to volatilisation and to 
fixation by both clays and organic matter in soil. The ease with which shifts occur in 
the oxidation states of nitrogen results in the formation of different inorganic forms 
which are readily lost from the ecosystem. Nitrogen shortages therefore often limit 
plant productivity.
The cycling of nitrogen in nature has been studied more extensively than that of any 
other nutrient (Paul and Clark, 1989). This is possibly because its importance to crop 
productivity was recognised at an early stage. Following identification of the forms of
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nitrogen in soil, and the role of microorganisms in converting N from one form to 
another, the concept of the global nitrogen cycle was formulated by Lohnis in 1913. 
Here Ng was represented as central to the cycle, with protein, amide, NO3 and
NO2 ' forms also being recognised. Subsequently, the importance of abiotic factors such 
as leaching and volatilisation were recognised as well as the reactions which make up 
the soil internal nitrogen cycle.
In very general terms, the nitrogen cycle can be considered to consist of five nitrogen 
transformations:
1. Nitrogen Fixation.
The conversion of N2 (dinitrogen) to biologically fixed nitrogen, usually NH3. 
Approximately 90% of the nitrogen made available by natural processes results from 
biological nitrogen fixation by microorganisms. There are several groups of 
microorganisms able to fix nitrogen, and these include:
• Symbiotic bacteria associated with root nodules of legumes such as clover and pea 
(e.g. Rhizobium spp. and Bradyrhizobhim spp ).
• Symbiotic actinomycetes associated with root nodules of non-leguminous 
angiosperms such as alder (e.g. Frankia spp.).
• Symbiotic Gram-negative bacteria associated with tropical grasses (e.g. 
Azospirrilum spp.).
• Symbiotic cyanobacteria associated with the water fern Azolla (e.g. Anabaena spp.).
• Free-living cyanobacteria (e.g. Nostoc spp., Anabaena spp ).
• Other free-living bacteria which principally inhabit soil or water including aerobic 
organisms such as Azotobacter spp., Dei'xia spp.. Bacillus spp. and Klebsiella spp. 
and anaerobes such as Clostfidium spp., Methanococcus and Rhodospirillum spp.
It is the presence of the enzyme complex nitrogenase which enables these groups of 
organisms to convert N2 to ammonia. The nitrogenase enzyme is versatile, and not only 
reduces N2 to NH3, but is also able to reduce other substrates such as acetylene, 
hydrogen cyanide, methyl isocyanide, hydrogen azide, nitrous oxide and hydrogen ions. 
Of these substrates, acetylene is of greatest practical importance because it is possible to
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measure both acetylene and its reduction product ethylene rapidly and sensitively by gas 
cliromatography. This is a useful, indirect semi-quantitative method of estimating rates 
of N2  fixation.
Nitrogenase is rapidly and irreversibly inactivated by oxygen, and thus only functions 
effectively in systems which can provide an environment which protect it from 
damaging concentrations of oxygen. In addition, nitrogenase is sensitive to ammonia, 
which prevents its synthesis in most organisms and inhibits activity in some. Thus, 
when N2  fixing organisms are grown in the presence of high concentrations of combined 
N their ability to fix N2 declines and may eventually cease. Indeed, concurrent with the 
large quantities of fertiliser N being added to agricultural soils in the UK there has been 
a decline in the contribution of biologically fixed N (Royal Society, 1983). 
Nevertheless, Paul (1988) estimated that symbiotic and fi-ee-living biological N2 
fixation contribute about 120 and 50 x 10  ^ tons N per year respectively on a global 
basis.
2. Assimilation.
Assimilation describes the process by which NO3' and NH3 are converted to organic 
nitrogen and biomass. Plants and microorganisms obtain most of the combined N 
required for growth from the environment by the uptake of low molecular weight 
nitrogen compounds, particularly nitrate and ammonia. These compounds are 
subsequently assimilated and metabolised. Following its uptake fiom the soil by plant 
roots, nitrate is reduced to ammonia prior to assimilation of N into organic compounds 
by the enzymes nitrate reductase and nitrite reductase. Urea, like nitrate, is also 
converted to ammonia prior to amino acid biosynthesis. Most microorganisms 
dissimilate urea via the enzyme urease to produce carbon dioxide and ammonia.
3. Ammonification.
Ammonification is the enzymic catalysis of organic nitrogen compounds to NH3 or 
NH4 .^ The initial step in this process is the hydrolysis of proteins and nucleic acids of 
dead cells with the liberation of amino acids and nitrogenous bases. These compounds 
are then deaminated to produce ammonia. The process is carried out primarily by
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microorganisms and protein hydrolysis is facilitated by means of proteolytic 
exoenzymes. Except for the hydrolysis of urea by extracellular urease, ammonification 
is bound to the metabolism of active cells. Under anaerobic conditions protein 
decomposition results in the formation of primary amines rather than amino-N.
4. Nitrification.
Nitrification is the microbial oxidation of NH4^ to NO2’ and NO3'. Nitrification is 
carried out by two main groups of microorganisms; chemoautotrophic nitrifiers and 
chemoheterotrophic nitrifiers. The reaction essentially consists of two stages; the 
oxidation of ammonia to nitrite and the oxidation of nitrite to nitrate. 
Chemoheterotrophic nitrifiers are highly specialised obligately aerobic 
chemoautotrophic bacteria, which obtain their energy by oxidising reduced forms of N. 
The two commonest chemoautotrophic species are Nitrosomonas europea (which 
converts NH3 to NO3") and Nitrvbacter winogi'adskyi (which oxidises NO2 to NO3"). 
Both species can also grow chemoheterotrophically. Many other chemoautotrophic 
organisms belong to the genera Nitrosomonas, Nitf'ococcus and Nitj'obacter. Quantities 
of NO2' and NO3 produced by chemoheterotrophic nitrification carried out by 
organisms such as Arthrobacter spp.. Bacillus spp. and Klebsiella spp. are negligible 
compared to those produced by chemoautotrophic nitrification.
5. Denitrification.
Denitrification describes the reduction of NO3 to N2 O or N2 , with NO2 and NO as 
intermediate products. This in an oxidative reaction whereby certain groups of aerobic 
and facultatively anaerobic bacteria (e.g. Klebsiella, Clostridium, Bacillus and 
Pseudomonas spp.), use nitrate as a terminal electron acceptor in the absence of oxygen. 
This results in a loss of available N from the soil to the atmosphere.
These five reactions form the basis of many models of the nitrogen cycle. Whilst the 
chemistry of these reactions is no doubt key to soil nitrogen dynamics, further 
discussion of them will not be given here. Emphasis will be placed instead on the more 
generalised 'processes' of mineralisation and immobilisation of nitrogen inherent in the 
model of the 'soil internal nitrogen cycle', rather than the previously mentioned
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'reactions’ of the global nitrogen cycle.
The Soil Internal Nitrogen Cycle
A useful concept which evolved subsequent to the development of the model of global 
nitrogen cycling is that of an internal N cycle, which exists in soil and is distinct from 
the overall cycle of N, but which interfaces with it. The idea of the internal soil N cycle 
was formulated by Jansson in 1958. It was proposed that the processes of 
mineralisation and immobilisation of nitrogen together constituted the internal subcycle 
of N in soils (Jansson, 1958; Jansson and Persson, 1982). Here, mineralisation denotes 
the overall process by which organic N is transformed to NH4^-N as a result of the 
concerted activities of the soil fauna and microflora. The opposing and intrinsically 
linked process of immobilisation denotes the conversion of inorganic N (NH4 ’^ NOs"’ 
NO2 ') to organic forms due to synthetic reactions associated mainly (though not 
exclusively) with microbial growth and metabolism. The key feature of the internal 
cycle is therefore the biological turnover of N through minéralisation-immobilisation, as 
indicated in Figure 13.
Figure 13 Soil Internal Nitrogen Cycle.
Mineralisation
Organic N N O ,'. N O ,'
Immobilisation
Inherent in Jansson's model is the concept that organic N has to be mineralised before it 
can be assimilated by the microbial biomass. Thus a major conclusion of Jansson's 
research was that the ammonium phase of soil N is an integral part of the internal N 
cycle, subject to continuous consumption and renewal, whereas the nitrate phase
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becomes a more or less temporary storage pool of surplus inorganic N not needed in the 
internal cycle (Jansson, 1958). These concepts formed the basis for many studies of the 
processes competing for mineralised soil N, and amendment with ^^N-labelled NH^-N, 
(known as the isotope-dilution technique), has been a popular approach to studying the 
internal N cycle for determining gross and net N mineralisation (Shen et al., 1984; 
Nishio et al., 1985; Myrold and Tiedje, 1986).
More recent work however, (McGill et al., 1981; Drury et al., 1991) has furthered our 
knowledge of the soil internal N cycle. McGill et al. (1981) described a model which 
also included the direct microbial assimilation of organic N, a factor not previously 
considered by other authors. In a subsequent study, Drury et al. (1991) determined the 
fate of added ^^N-labelled (NH4)2 S0 4  in high and low 'NirU^  fixing soils under 
mineralising conditions. In none of the soils tested was any of the added ^^NH4  ^
recovered in the biomass N, providing no evidence that immobilisation had occurred 
during a period of extensive mineralisation. They thus suggested that locations in the 
soil where N mineralisation is occurring may be physically and/or temporally separate 
from sites of N immobilisation. In addition, exchangeable NH4  ^was not immobilised 
and, in this respect, the pool of exchangeable behaved no differently to the NO3" 
pool, which was previously considered to be outside the internal N cycle. Previous 
studies had already shown that NO3 was not immobilised in soils undergoing 
mineralisation (Jansson, 1958; Voroney and Paul, 1984), and thus mineralisation could 
now be explained as the assimilation of organic N from soil organic matter and from 
decaying microbial biomass, with the N in excess of microbial requirements released as 
The connection between the two processes of mineralisation and immobilisation 
was suggested to be through the inorganic N phase, with both forms of inorganic N 
(NKU^  and NO3 ) participating in immobilisation depending on availability to 
heterotrophic microbial biomass. In summaiy, Drury et al. (1991) suggested that the 
concept of the soil internal N cycle needed to be revised to show:
(1) The importance of direct microbial assimilation of soil organic N,
(2) The physical/temporal separation of the individual processes of mineralisation and 
immobilisation, and,
(3) That like NO3 ', does not offer any special connection of these two processes.
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These concepts help to better describe the architecture of the internal N cycle occurring 
at the micro site and soil organism level, and help to distinguish between the 
biochemical events at the microbial level from those processes measured in the bulk soil 
(Druiy et al., 1991). This is illustrated in Figure 14.
Besides microbially mediated processes, the role of plants and soil fauna should also be 
incorporated into models of the internal N-cycle. Whilst figure 1-4 was developed from 
a model assessing the role of microorganisms in the soil internal nitrogen cycle, it is the 
activity of the entire soil biota which determines mineralisation/immobilisation 
turnover. Immobilisation is carried out not only by the microbial biomass, but also to a 
large extent by plants and soil fauna. Mineralisation is still attributed mainly to 
microorganisms, but the role of soil fauna is slowly being recognised and is discussed 
below.
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Figure 1.4 Conceptual Model of the Soil Internal nitrogen cycle
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§ Adapted from Drury, C. F; Voroney, R. P. and Beaucliamp, E. G. (1991). Availability of 
NUi^-N to microorganisms and tlie soil internal N cycle. Soil Biology and Biochemistry 23 
p l 6 8 .
Role of Microfaunal Grazers in Nitrogen Mineralisation
Since mineralisation is a key process in supplying nitrogen and other nutrients for plant 
growth, it is important to understand the roles of all organisms involved in this process 
and the interactions that may occur between them. There is increasing evidence to 
suggest that the interactions between the soil microflora and the microfauna are 
responsible for a significant proportion of the mineralisation of nitrogen in soil. The 
microfauna in soil consists mainly of protozoa and nematodes (Swift et al., 1979), and
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together these form a critical link between the primary decomposers (i.e. the 
microflora), the larger fauna in the detritus food-web, and plants. In effect, the 
microfauna are primary agents for the release of nutrients immobilised by the soil 
microflora. Microbivorous organisms such as protozoa (Clarholm, 1985; Kuikman and 
Van Veen, 1989; Kuikman et al., 1990), nematodes (Freckman, 1988) and mites 
(Brussaard et al., 1991), which feed on bacteria have all been shown to increase the 
rates of mineralisation and consequently to increase plant nitrogen uptake (Clarholm, 
1985; Ingham et al., 1985). Food web studies have demonstrated that soil micro- and 
mesofauna may contribute up to 30% of total net nitrogen mineralisation, mainly from 
the activities of microbial-feeding nematodes and protozoa (Hunt et al., 1987; Verhoef 
and Brussaard, 1990).
Since predation by protozoa and nematodes removes bacteria, it might be expected that 
this would lead to a decrease in bacterial activity and consequently to a decrease in the 
decomposition of organic matter and mineralisation of nutrients. However, the opposite 
has been observed many times. Hunt et al. (1977) developed a simulation model for the 
effect of protozoan predation on bacteria in continuous culture, which suggested that 
upon predation by protozoa, the growth rate of bacteria increased even though the 
bacterial biomass was reduced. Bacteria were thought to respond to higher levels of 
available carbon, nitrogen and phosphorus upon predation.
Grazing of bacteria by protozoa has been shown to enhance nitrogen mineralisation as 
measured by ammonium production in both liquid cultures (Sinclair et al., 1981; 
Griffiths, 1986) and in soil microcosms (Coleman et ah, 1977; Woods et al., 1982). 
This may be due to the stimulation of bacterial activity as reported by Kuikman et al. 
(1990) or to the direct excretion of ammonium derived from digestion of bacteria by 
protozoa (Sherr et al., 1983). Clarholm (1985) assumed that when protozoa fed on 
bacteria with a C/N ratio similar to their own, they would incorporate one-third of the 
microbial N into their own biomass, excrete one-third as organic N and excrete one- 
third as ammonium. Excess N excreted into the environment can subsequently be 
assimilated by plants or other microorganisms, and the liberation of excess mineral N 
by protozoa is the most common explanation for the increased uptake by plants in the
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presence of protozoa (Zwart et a l, 1994).
Grazing by bactivorous nematodes may also affect mineralisation of nitrogen either 
directly, by excretion of ammonium and other nitrogenous compounds (Wright and 
Newall, 1976), or indirectly, by dissemination of microbial propagules through the soil 
(Chantano and Jensen, 1969; Jatala et a l, 1974; Bird, 1987) or stimulation of bacterial 
activity by release of growth limiting nutrients and vitamins (Bouwman et a l, 1994). 
Furthermore, the removal of non-active cells by microbial grazers may provide new 
surfaces for microbial colonisation.
Enumeration of Protozoan Populations
Protozoa are unicellular, eukaryotic organisms. Several thousands of species have been 
described, though the taxonomy of protozoa is still subject to debate. The size of 
protozoa can range from around 2  pm for some nanoflagellates to over 6000 pm for 
some amoebae. Protozoa generally found in arable soils include ciliates, flagellates and 
naked amoebae, and it is these three taxonomic groups which were chosen for 
enumeration in this study. Heterotrophic free-living flagellates and naked amoebae are 
generally found to be the most abundant protozoa in arable soils (Stout and Heal, 1972), 
with populations of between 10^  and 10® per gram of soil (Singh, 1946, 1949; Singh and 
Crump, 1953). Average sizes for the three main groups of protozoa found in soil i.e. 
flagellates, amoebae and ciliates are reported to be around 50 pm^, 400 pm  ^and 3000 
pm  ^respectively (Stout and Heal, 1972). Protozoan biomass in soil has been estimated 
to be around 2 g m"^  (Stout and Heal, 1972), which equates to between 5-10 pg C g"^  
soil (Kuikman, 1990). In comparison to the microbial biomass in agricultural soils, 
which has been reported to be between 300-500 pg C g‘^  soil (Schnurer et a l, 1986), 
protozoan biomass appears to be relatively small. However, several studies have shown 
the importance of protozoa in soil nitrogen dynamics despite their relatively small 
biomass (Sinclair et al., 1981; Clarholm, 1985; Kuikman and Van Veen, 1989; 
Kuikman et a l, 1990).
Their importance appears to be related not to biomass per se but rather to the rate of
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biomass production (Gray and Williams, 1971). Protozoan biomass in soil is of a 
similar order to that of earthworms under arable crops, and together these two groups 
account for almost 90% of the total animal standing crop in agricultural soils. The most 
important food source for free-living heterotrophic protozoa are bacteria (Fenchel,
1987). In addition, some protozoa consume algae, yeasts, fungi, other protozoa and 
possibly detritus (Heal and Felton, 1970). Protozoa feed by phagocytosis, which 
consists of the enclosure of a food particle within a vacuole where digestion takes place. 
It was estimated that flagellates could ingest and digest a total volume of particles per 
hour that equals their own cell volume (Fenchel, 1982). This is consistent with the 
minimum doubling time of such flagellates of three hours (Kuikman, 1990). Stout and 
Heal (1972) used the data of Cutler et al. (1922) to calculate the standing crop and 
annual production of protozoa. They estimated that the average generation time was 
three days and that the annual turnover was 50 to 300 times the standing crop of 
protozoa.
Quantitative ecological work on soil protozoa is hampered by methodological problems 
involved in enumeration. The most extensively used method for enumeration of 
protozoa in soil is based on the most probable number (MPN) culture technique 
(Darbyshire et al., 1974) which has traditionally been used in bacteriology. Direct 
counting methods are generally inappropriate for flagellates and naked amoebae, though 
they have been used for enumeration of ciliates and testate amoebae.
Most Probable Number Theory
The most probable number technique provides an estimate of the number of viable 
organisms present in a sample which are capable of growth in a given (usually liquid) 
growth medium. A series of replicated dilutions of a sample are incubated in a suitable 
growth medium, and the number of positive and negative replicates at each successive 
dilution recorded until extinction. In protozoology, a positive result (i.e. the presence of 
protozoa) generally needs to be determined by microscopic examination, especially 
where an estimate of the different classes of protozoa is required. The degree of 
dilution of the sample required and the number of positive reactions at different
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dilutions are then used to determine the MPN of organisms by reference to probability 
tables.
The most probable number technique was first used by Cutler (1920) and later by Singh 
(1946) to estimate protozoan numbers. In the method developed by Singh, suitable 
bacteria were spread onto the surface of nutrient-poor agar. Drops of soil suspension 
diluted in two-fold dilution series’ were placed on these bacteria and plates incubated to 
allow protozoa present to feed on bacteria and multiply. By using glass rings, up to 
eight separate cells could be formed in one Petri dish and used for replication. 
Darbyshire et al. (1974) subsequently developed a micromethod for estimating 
protozoan populations using a 96-well microtitre plate system. They used sterile soil 
extract as the liquid culture medium, and also prepared series’ of two-fold dilutions 
from soil samples. Eight replicate aliquots from each of twelve dilutions were pipetted 
into separate wells of the microtitre plates. Inoculated plates were incubated for 4 
weeks and the presence or absence of protozoa determined by examination of each well 
with an inverted microscope. The use of sterile soil extract allows the growth of natural 
soil bacteria which act as food source for the protozoa. This method has become the 
most commonly used method for enumeration of protozoa from soil, but has been 
subject to many modifications. Some workers have used well-defined nutrient media 
such as 1/10 tryptone soya broth (TSB) diluted with amoeba saline (Clarholm, 1981) or 
1/10 nutrient broth (Griffiths, 1990). Where excessive fungal growth has been observed 
in liquid media, some authors have favoured using washed suspensions of isolated, 
cultivated soil bacteria (Clarholm, 1981). In addition, some workers have subsequently 
used pure cultures of named bacteria such as Enterohacter aerogenes (Sinclair and 
Ghiorse, 1987) or Pseudomonas fluorescens (Brussaard et al., 1990).
Ronn et al. (1995) tested the suitability of different media for estimating the number of 
naked amoebae and flagellates by the MPN method. It was found that the highest 
numbers were obtained with rich bacterial growth media such as tryptone soya broth 
diluted 1 0 0  to 1000 times with amoeba saline and using Enterohacter aerogenes as food 
source.
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In the studies described in this thesis, protozoan numbers were estimated using a MPN 
method carried out in liquid culture in 96-well microtitre plates. Eight replicate aliquots 
of twelve two-fold dilutions were pipetted into each plate. 1/100 strength TSB diluted 
with amoeba saline was used as culture medium, with the cultivated natural soil 
microflora acting as food source.
Enumeration of Nematode Populations
Nematodes are unsegmented roundworms, which in soil typically range in size from
0-3-5 mm in length (Gupta and Yeates, 1997). Nematodes are often identified under 
known taxa or are classified into different trophic groups based on their feeding habits. 
Yeates et al. (1993) presented the most recent grouping of different soil nematodes 
according to feeding habit, classifying them as bacterial feeders, fungal (hyphal) 
feeders, substrate ingestors, predators of soil animals (protozoa, rotifers and other 
nematodes), unicellular eukaryote feeders (diatoms and other algae), omnivores and 
plant parasites.
In order to study terrestrial nematodes, they have to be separated from the habitat in 
which they live. There are several methods for extracting nematodes from soil, all of 
which have been subject to modification (Bloemers and Hodda, 1995). Active 
migration techniques, such as the Baermann funnel technique and Whitehead and 
Hemming’s tray method are the most widely used, though specialist laboratories tend to 
use mechanical elutration.
The Baermann funnel technique involves a sample of soil (or plant material) being 
wrapped in cloth or paper tissue and being partly submerged in water in a funnel. 
Nematodes move out of the saturated material into the water and settle in the bottom of 
the neck of the funnel. A short rubber tube fitted with a clamp is attached to the funnel 
neck, and once nematodes have settled, it is loosened to allow a few millilitres of water 
out, releasing the nematodes for counting. Advantages of the Baermann funnel 
technique in its original or modified form, include the fact that the equipment is simple 
and easy to use and set up, and that the method can be used to process many samples.
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Most of the nematode species suitable for this method are recovered after 24-48 hours, 
but less active types may be missed. One disadvantage of the Baermann funnel 
technique in its original form is the lack of oxygen, especially at the base of the fiinnel 
where nematodes collect. The use of a tray instead of the funnel, as proposed by 
Whitehead and Hemming (1965), allows oxygen to diffuse rapidly into the shallow 
water and thin soil layer.
Alternative methods for the extraction of nematodes from soil without the use of an 
elutriator, are those based on the centrifugal flotation method, which involves 
centrifugation of samples in a sucrose solution. These methods usually recover a higher 
percentage of inactive species than the Baermann funnel technique and its 
modifications, but are less convenient for large numbers of samples due to the high 
level of handling and manipulation of each sample (Kimpinski, 1993). The extraction 
efficiency of methods based on this principle may be less than 50% of the total number 
of nematodes present in a sample (Vigliercho and Schmit, 1983). In addition, the high 
osmotic concentration of the sugar solution used in the extraction may damage 
specimens (Vigliercho and Yamashita, 1983).
In the studies described in this thesis, a modification of Whitehead and Hemming's tray 
method was used to extract nematodes from soil and sand microcosms.
Use of the Test Nematode Caenorhabditis elegans
Caenorhabditis elegans is a small, free-living nematode found commonly in many parts 
of the world. It feeds primarily on bacteria and reproduces with a life-cycle of about 3 
days under optimal conditions (Wood, 1988). The two sexes, hermaphrodites and males 
are each about 1 to 1.5 mm in length as adults. Hermaphrodites produce both oocytes 
and sperm, and can reproduce by self-fertilisation. Males which arise spontaneously at 
low frequency can fertilise hermaphrodites, but hermaphrodites cannot fertilise each 
other. A hermaphrodite that has mated lays about 300 eggs during its reproductive life­
span. Juvenile worms hatch and develop through four larval stages punctuated by 
moults. The mature adult emerging from the fourth moult is fertile for about four days
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and can live for an additional 10-15 days. Under starvation, a developmentally arrested 
stage, the dauer larva, can occur as an alternative third larval stage.
Caenorhabditis elegans is easily maintained in the laboratory where it can be grown on 
agar plates or in liquid culture with Escherichia coli as food source. Individuals are 
easily observed and manipulated with the aid of a dissecting microscope, and large 
numbers can be grown in mass culture. Simplicity, convenience of manipulation and a 
short life-cycle make Caenorhabditis elegans a useful experimental organism, which 
has been extensively studied. For these reasons, C.elegans was selected as a test 
organism for investigating the effects of the introduction of Pseudomonas fluorescens 
strains FI 13 and F113G22 on the population dynamics of a typical bacterial-feeding 
nematode in Chapter 6 .
Study of the Nitrogen Cycle Using ^^ N
In the studies described in this thesis, was used as a tracer to monitor the uptake of 
N from both ^^N-labelled fertilisers and organic residues by plants. In this way, gross 
differences between treatments could be identified. In assessing changes in the N- 
dynamics of the rhizosphere, changes in plant uptake or availability of N are considered 
to be the most important factors likely to influence crop productivity.
The use of the heavy, stable isotope of nitrogen has found widespread application 
in agriculture and agriculturally-related research, as a means to characterise and 
quantify nitrogen fluxes in the soil-plant system. Many N-related investigations in soil 
biology cannot be made directly without the use of tracers, whilst others are made 
more accurate and/or more convenient with the application of stable nitrogen isotopes. 
Advantages of using stable isotopes over radioactive isotopes include the fact that 
samples prepared for N isotope-ratio analysis are stable indefinitely i.e. their isotopic 
composition does not change upon storage, and samples are non-toxic to health except 
where the labelled compound itself is toxic.
Research using to measure the dynamics of N-cycling can be roughly divided into 3
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overlapping categories or approaches:
(1) The use of as a tracer
(2) The use of in isotope-dilution experiments
(3) The application of mathematical models to dynamics.
as a tracer is useful in determining the relative fates and partitioning of nitrogen. 
Studies using as a tracer can therefore provide qualitative estimates of process rates.
Isotope-dilution involves the addition of into a product pool. The subsequent 
dilution of the atom % in this pool is monitored over time. This principle, with 
numerous modifications has been used successfully to study selected N-cycle rates in 
soils. The isotope-dilution method is good for simultaneously measuring short-term 
rates of the N-cycle, but assumes that the process rates are constant over each time 
period. The ^^ N isotope dilution technique has been widely used to measure gross 
mineralisation and immobilisation rates in soil both under laboratory conditions and in 
the field (Schimel, 1985; Myrold and Tiedje, 1986; Nishio and Fujimoto, 1989; Schimel 
et al., 1989; Barraclough, 1991; Davidson et al., 1991, Tietema and Wessel, 1992). It 
has also been used to measure simultaneously rates of ammonification, nitrification and 
denitrification (Priha and Smolander, 1995), nitrification, denitrification and nitrate 
assimilation (Stephanauskas et al., 1996), production and consumption of nitrite (Burns 
et al., 1995), and production of nitrite by nitrification and denitrification (Bums et al., 
1996). It has further been used to separate heterotrophic and autotrophic pathways of 
nitrification (Barraclough and Puri, 1995) and to monitor the turnover of microbial 
biomass (Kelley and Stevenson 1985; Bremer and Van Kessel, 1990). It has also been 
widely applied to the study of decomposition of plant material in soils (Ladd et al., 
1981a, 1981b, 1983; Amato et al., 1984; Thomsen, 1993; Thomsen et al., 1996) and the 
influence of organic amendments on soil nitrogen transformations (Crippa and Zaccheo, 
1995; Monaghan and Barraclough, 1995).
Mathematical models of the N-cycle vary in complexity. Different models have been 
used to fit experimental data and to estimate rate constants for N-cycle processes. 
Using a ^^ N label enhances the estimation of N transformation rates and their
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corresponding rate constants by enabling gross rates of opposing reactions to be 
measured and also by allowing the separation of the organic N into bioavailable and 
non-available fractions (Jansson, 1958; Juma and Paul, 1981).
The use of along with total N pool sizes in mathematical N-cycle models was 
initiated by Kirkham and Bartholomew (1954, 1955), who studied mineralisation and 
immobilisation under steady-state conditions. Analysis of tracer data under non-steady 
state conditions has proved more difficult, though it has been done. For example, 
Nishio et al. (1985) investigated N transformations in soil by using an analytical 
solution to a zero-order model of N dynamics. More general models of non-steady state 
systems can be analysed by means of non-linear parameter estimation. For example, 
Winkler and Hubner (1977) used this, along with ^^ N labelling, to measure protein 
turnover in beans. The application of mathematical modelling and non-linear parameter 
estimation techniques to N cycling in soils allows the rates of several N-cycle processes 
to be estimated simultaneously. Myrold and Tiedje (1986) found that by using these 
techniques the rates or rate constants of mineralisation, immobilisation, nitrification and 
denitrification were simultaneously estimable.
Plant uptake of^^N
Studies on the uptake of N by plants using ^^ N as a tracer have shown that adverse 
growth conditions such as drought and waterlogging diminish the capacity of plants for 
N-uptake. Pessarakli and Fardad (1995) measured total N and ^^ N uptake by barley and 
wheat plants subjected to water stress. They found that the total N and ^^ N content of 
both plant species decreased under stress, with wheat more severely affected.
Even if N uptake rates of the plant are unaffected by the introduction of fluorescent 
Pseudomonas spp. to the rhizosphere, changes in the availability of N to plants may still 
limit plant productivity. Scarsbrook (1965) defines available N as ‘TSF in the root zone 
in a chemical form readily absorbed by plant roots”. This N is derived from numerous 
sources and in production agriculture it is predominantly derived from fertiliser, 
biological N2 fixation and mineralisation of organic N from wastes, crop residues and
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soil organic matter. The availability of N  in the soil is also regulated by numerous 
interacting processes, including the microbial immobilisation of N , diffusion, mass flow 
and plant uptake (Sublet et al., 1995).
Isotope-Ratio Mass Spectrometry
Several methods are available for N  isotope-ratio analysis, but the most precise and 
convenient method involves the use of the mass spectrometer. Before the N  isotopic 
composition of a sample can be determined by mass spectrometry, all forms of N  in the 
sample must be converted to a suitable gas that is simple in molecular and N  isotopic 
structure, of low molecular weight and readily prepared from organic or inorganic 
compounds. The gas should preferably not react with components of the isotope 
analysing system, and should be one which can be readily pumped into the instrument. 
Dinitrogen, N z, best meets these requirements, and most methods for N  isotope ratio 
analysis of the N  in solids or liquids involve conversion of N  to N z. After conversion of 
combined N  to N z, the gas is introduced into a mass spectrometer for determination of 
its isotopic composition. In the mass spectrometer, Nz molecules are ionised by 
exposure to a hot filament. The resultant molecular ions travel through a magnetic field 
where separation of the 3 molecular species of Nz is made. Since the determination of 
isotopic composition is made on the basis of charged mass, care must be taken to 
minimise contamination by other charged particles having the same mass and charge as 
the N z molecules.
In these studies, dried, finely ground, plant samples were burned in a combustion tube 
in the presence of an oxygen pulse, and the combustion products passed into a reduction 
tube where excess Oz was trapped and N O x  reduced to N z. Water vapour and C O z were 
also trapped and removed to avoid possible contamination by other charged particles, 
and N z passed into the mass spectrometer for analysis. The atom % excess was 
calculated by subtracting the natural abundance of ^^ N (0-366%, Junk and Svec, 1958) 
from the observed readings.
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OUTLINE OF THIS THESIS
The uptake of nitrogen from urea and ammonium nitrate fertilisers applied to soil was 
investigated in pea and wheat plants inoculated with Pseudomonas fluorescens strains 
FI 13 and FI 13G22 using tracer studies. These studies are described in Chapter 2.
Subsequently, the uptake of derived from mineralised organic residues was 
investigated in pea (Chapter 3) and in wheat (Chapter 4).
The effects of inoculation of wheat and pea with FI 13 and F113G22 on the population 
dynamics of rhizosphere microfauna were investigated in Chapter 5, as a possible 
explanation for the results obtained in Chapters 3 and 4.
In Chapter 6 , the population response and survival of the introduced bacterial-feeding 
nematode Caenorhabditis elegans was evaluated in simplified sand microcosms.
The results of these studies are discussed Chapter 7, along with suggestions for future 
work.
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Effect of introduced Pseudomonas fluorescens strains on the uptake of 
fertiliser-derived nitrogen by wheat and pea
Chapter 2
SUMMARY
Five microcosm studies were carried out to investigate the effects of Pseudomonas 
fluorescens strains FI 13 and F113G22 on the uptake of fertiliser-derived nitrogen by 
wheat {Triiicum aestivum) and pea (Pisum sativum).
The first trial was a preliminary investigation into the effects of strains FI 13 and 
F113G22 on plant growth of wheat and pea in the absence of any fertiliser addition. This 
experiment was also designed to estimate typical nitrogen contents of the plant tissues of 
the two crop species. Subsequent studies were designed to assess the impact of these 
P.fluorescens strains on the uptake of nitrogen derived from two different nitrogenous 
fertilisers applied to a sand soil. The two ^^N-labelled fertilisers, urea or ammonium 
nitrate, were applied to soil five days after planting. Plant nitrogen uptake was estimated 
using stable isotope-ratio mass spectrometry of shoot and root material from 17-day old 
plants. In addition, colonisation of plant roots by the introduced P.fluorescens strains 
and indigenous fluorescent Pseudomonas spp. were estimated for both crop species.
It was hypothesized that the large-scale introduction of Pfluorescens strains to the 
rhizosphere of wheat and pea might decrease the plant availability of fertiliser derived N, 
the introduced microorganisms immobilising mineral N and thus acting as a sink for 
nutrients. This increased competition for mineral N could lead to decreased plant N 
uptake.
Despite intense colonisation of the roots of both plant species however, the introduction 
of strains FI 13 and F113G22 had no effect on plant uptake of nitrogen derived from the 
two fertilisers investigated. These results suggest that inoculation of wheat and pea 
plants with Pfluorescens strains FI 13 and F113G22 does not interfere with plant 
fertiliser nitrogen availability during the early stages of plant growth.
Other mechanisms which could have adversely affected nitrogen uptake directly as a 
result of the presence of the introduced microorganisms include impaired root growth or
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functioning. However, there was no evidence of any detrimental effects of inoculation 
on root growth. In addition, total nitrogen contents of plant tissues were unchanged. It 
is therefore suggested that there were also no effects of inoculation on plant nitrogen 
uptake per se.
Growth of pea plants was significantly enhanced by ammonium nitrate fertilisation of 
F113 inoculated plants as compared to uninoculated controls or plants inoculated with 
F113G22. One possible reason for this observation might be that P.fluorescens strain 
FI 13 provided a greater degree of plant protection against minor pathogens which were 
present in the soil, due to the production of the antimicrobial compound DAPG, when 
ammonium nitrate was supplied.
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INTRODUCTION
Pseudomonas fluorescens strain FI 13 has potential application as a biocontrol agent due 
to the production of the antibiotic compound 2,4-diacetylphloroglucinol (DAPG) 
(Shanahan et al, 1992). The strain and its antibiotic DAPG have both been shown to 
inhibit the growth of a range of plant pathogens as described in Chapter 1. Its modified 
derivative strain F113G22 has DAPG productiondisniptedfor comparative purposes, and 
does not exhibit the same biocontrol ability as strain FI 13.
Before any microorganism can be released into the environment on a large scale, it is 
important to understand and be able to predict accurately the behaviour and affect of the 
introduced organism in that environment. Besides risks to human and animal health, one 
of the most important risks associated with the release of microorganisms into the soil 
environment is the possibility of disrupting biological processes essential for the 
maintenance of soil fertility and plant health. Of particular importance are possible 
effects on nutrient cycles within the soil ecosystem, and especially on the nitrogen cycle.
Nitrogen is essential for plant growth and is the nutrient required in the greatest quantity 
for crop production. Many soils do not have sufficient nitrogen in available forms to 
support the levels of crop production currently demanded by a rapidly expanding human 
population. Therefore, nitrogen is often applied to arable soils as fertiliser (Newbould, 
1989). Of prime importance in relation to plant growth and productivity are possible 
effects on the uptake of fertiliser-derived nitrogen by crops.
The uptake of nitrogen by the plant may be affected by a number of factors. These 
include the chemical and spatial availability of the element in the soil solution at the root 
surface and the physiological state and morphology of the root.
Chemical Availability of N
Nitrogen uptake by soil-grown plants depends not only on demand but also on the
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chemical availability of N to the plant. Plants may take up N in the form of NO2 ', NO3 , 
urea and amino acids, but the most commonly found N forms in soil are NO3 and 
NEÎ4 .^ It is from these two mineral or inorganic forms of N that plants obtain most of the 
N they require for their metabolism. Nitrogen in the mineral fraction of soil includes 
ammonium fixed by clay minerals, exchangeable ammonium on cation-exchange sites and 
in solution, and nitrate in soil solution. Of these, only the ammonium and nitrate in soil 
solution and on exchange sites are directly available for plant uptake. The concentration 
and form of the mineral N pool are critical in controlling competition for this pool. The 
quantities of nitrate and ammonium in the mineral N pool are determined primarily by the 
balance between the mineralisation and immobilisation processes of the soil’s internal 
nitrogen cycle as described in Chapter 1.
In addition to their specific activities within nutrient cycles, soil microorganisms play an 
important role through their potential to act as a source or a sink for nutrients. The 
effectiveness of nitrogenous fertilisers therefore depends on the ability of crops to 
compete with microorganisms for the available N in soil (Dowdell, 1982). Carbon 
released by roots is used by bacteria with the concomitant uptake or immobilisation of N 
to form new microbial biomass. The large-scale introduction of bacteria to the 
rhizosphere may therefore result in N-immobilisation in bacterial biomass and thus 
reduce the effectiveness of N fertilisers by decreasing the amount of N available for plant 
uptake.
It is hypothesized that the large-scale introduction of P.fhwrescem strains to the 
rhizosphere of wheat and pea could decrease the plant availability of fertiliser-derived N, 
the introduced microorganisms immobilising mineral N and thus acting as a sink for 
nutrients (Dowdell, 1982). This could therefore result in decreased plant N uptake.
Spatial Availability of N and Effects on Root Morphology
Plant uptake of N not only depends on the chemical availability of N but also on the 
spatial availability of N to roots. Nitrate largely reaches the roots by mass flow, whereas
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ammonium is usually supplied by diffusion. This generally means that often nitrate is 
more spatially available or more readily transported to the root than ammonium.
Among maize genotypes significant positive correlations have been found between 
nitrate depletion and root length (Engels and Marschner, 1995), suggesting that maize 
increases root length in order to ‘seek out’ nitrate at greater rooting depths. There are 
many other observations of morphogenetic effects of N supply on root systems. At low 
levels of N supply, plants respond with decreased dry matter partitioning to the shoot 
system (i.e. increased allocation to the root system), with a corresponding decrease in the 
shoot/root ratio (Brouwer, 1983; Chapin et <?/., 1988). Nitrogen uptake is also 
influenced by rooting density. High density rooting systems usually explore a greater soil 
volume and therefore the uptake per plant may be increased. Low N supply has also 
been shown to increase the length and density of root hairs (Fohse and Jungk, 1983; 
Boot and Mensink, 1990). Plants grown in low levels of N have also been found to 
respond to a localised increase in N supply by increasing lateral root growth in the zone 
of enrichment when supplied with NO3" (Burns, 1991) or NH,^ (Anghinoni and Barber,
1988).
Previous studies using P.fltiorescem strains FI 13 and FI 13G22 found that inoculation of 
pea with P.fluorescens strain FI 13 increased root length and stimulated lateral root 
formation in pea (Dixon-Hardy et al.. Submitted). It is possible that such changes in 
root morphology induced by inoculation with FI 13 may have been adaptive responses to 
spatial N limitation.
Another aspect which may be important is the contribution of mycorrhizas to the N 
supply of the plant. Mycorrhizal hyphae increase the interface between the plant and the 
soil solution and extend the soil volume which may contribute to nutrient supply. It is 
well known that mycorrhizae are able to contribute to the phosphorus nutrition of plants 
due to the generally low mobility of P in soil, by increasing the capability of the root 
system to absorb and translocate P (Hayman, 1982; Harley and Smith, 1983). It is 
possible that they may also be able to contribute to the acquisition of NH^ ,^ which is
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likewise relatively immobile in soil. Indeed, N H / has been shown to be taken up 
preferentially over NO3" by the hyphae of vesicular-arbuscular mycorrhizae in 
mycorrhizal white-clover plants (Li et al., 1991), and absorption of mineral N has been 
found to be much higher for mycorrhizal roots as compared to non-myconhizal roots 
(Bowen, 1973).
Previous studies investigating the effects of Pseudomonas fluorescerts strains FI 13 and 
F113G22 have shown that early establisliment of arbuscular myconhizae was increased 
in FI 13 inoculated pea plants as compared to non-inoculated controls (Andrade et al., 
1998), which again may have been an adaptive response to plant N stress. Further 
studies on plant symbionts (Andrade et al., 1998; Dixon-Hardy et al.. Submitted) have 
found that P.fluorescens strain FI 13 enhanced root nodulation of pea by both indigenous 
and introduced Rhizobium spp., which may further indicate plant N stress.
In light of these findings, Andrade et al. (1998) suggested that the production of DAPG 
by strain FI 13 might increase root cell penneability resulting in increased rhizodeposition 
from roots. Indeed, Naseby and Lynch (Submitted) found inoculation of pea plants with 
FI 13 lead to significant increases in the quantities of a number of organic acids found in 
rhizosphere soil. It is possible that these changes in root morphology and 
rhizodeposition may have a direct bearing on the ability of inoculated plants to derive 
nitrogen fi-om the soil.
It is therefore hypothesized that the large-scale introduction of Pseudomonas fluorescens 
strains FI 13 or FI 13G22 to the rhizospheres of these crops could alter plant N uptake in 
two ways:
(1) By decreasing the availability of mineral N to the plant by increasing microbial 
competition with roots for inorganic N, or
(2) By decreasing N uptake directly by inducing changes to root physiology and 
morphology.
This hypothesis was tested using a mineral N fertiliser (ammonium nitrate) and an
6 8
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organic N fertiliser (urea) labelled with added to sand soil microcosms planted with 
pea or wheat.
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MATERIALS AND METHODS 
Bacterial strains
Pseudomonas fluorescens strain FI 13 was isolated from the root hairs of sugarbeet and 
characterised as a fluorescent, non-fastidious motile rod that was oxidase- and catalase- 
positive (Shanahan et al., 1992). This strain produces the antibiotic 2,4- 
diacetylphloroglucinol (DAPG) which inhibits the growth of a range of plant-pathogenic 
fungi including Pythium tdtimum, Phoma beta, Rhizopus stolonifera and Ftisarium 
oxysporum (Shanahan et al., 1992) as described in Chapter 1.
The marker gene cassette lacZY was inserted into the chromosome using Tn5::/acZY 
mutagenesis to create strain F113/acZY (Shanahan et ah, 1992), to facilitate detection 
by simple dilution plating methods. The lacZY genes for lactose utilisation (Barry, 1988; 
Drahos et ah, 1986) fonn one of the most widely used metabolic marker systems. 
Organisms containing these genes are able to cleave the chromogenic substrate 5-chloro- 
4-bromo-3-indolyI-(3-D-galactopyranoside (X-gal) to form easily identifiable blue 
colonies on media into which X-gal is incorporated, as described in Chapter 1. The 
inability of indigenous Pseudomonas species to utilise lactose as a sole carbon source 
permits differentiation of the marked strains from other Pseudomonas spp. when grown 
on Pseudomonas-^Q\QC\xvQ solid media into which X-gal has been incorporated (De Leij 
et ah, 1993).
Growth of F113/cjrcZY did not differ from that of its parent strain FI 13 in viti^o, and 
DAPG production was conserved (Fenton et ah, 1992).
Using Tn5:;/acZY mutagenesis, the DAPG-negative mutant F113G22 was created from 
strain FI 13, which did not inhibit the growth of plant-pathogenic fungi in vitro on high- 
iron media (Shanahan et ah, 1992). The transposon is inserted within the DAPG 
biosynthetic locus, and the insertion is stable under in vitro conditions (Fenton et ah, 
1992; Shanahan et ah, 1992). The strain F113G22 was found to colonise the
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rhizosphere of sugarbeet similarly to the DAPG positive Tn5::/acZY-marked derivative 
of F113* (Fenton e/a/., 1992).
Culturing and inoculation
Cells of Pfluorescens FI 13 and F113G22 were stored in 1/4 strength Ringer’s solution 
(Oxoid™, Unipath Ltd, Basingstoke, UK; Appendix 1) at 4“C. Bacteria were grown up 
from these solutions on full strength tryptone soya agar plates (Oxoid™, Unipath Ltd; 
Appendix 1), incubated at 25“C for 4 days. Bacteria were subsequently collected by 
flooding the surface of each plate with 10 ml sterile 1/4 strength Ringer’s solution and 
bringing the bacterial mat into suspension with a sterile plastic plate spreader. Bacterial 
suspensions were dispensed into sterile 100 ml glass bottles and mixed using a vortex 
mixer (Fisons, Loughborough, UK) for 2 minutes. Bacterial suspensions obtained in this 
way contained 1x10® colony forming units (cfu) per ml and were used to imbibe seeds 
for 24 hours. This resulted in colonisation of approximately 1 x 10^  cfu per pea seed and 
1x10^ cfu per wheat seed. Controls were obtained by scraping flooded non-inoculated 
plates with 1/4 strength Ringer’s solution and imbibing seeds as described above.
Soil Description
The sand soil (Cottenham series: 83% sand, 6% silt, 11% clay) was taken from Road 
Piece site, Woburn Experimental Farm (Rothamsted Experimental Station), Bedfordshire 
during the autumn of 1996. Soil was collected from the top 10 cm of the soil profile, 
and coarsely sieved (mesh size 8 mm) to remove stones and plant debris, and to disrupt 
large soil aggregates. Sieved soil was mixed thorougWy by hand and stored in plastic 
dustbins at 4“C until required. The organic carbon content of the soil was <1%  and its 
pH (H2O) was 6-0. Cropping history of the site is given in Appendix 2. Gravimetric 
water content and water holding capacity (WHC) of the soil were determined according 
to Forster (1995).
From this point forward strain ‘F113’ refers to the /acZY-marked strain F113 lacZF
71
Chapter 2
Host plants
Untreated pea seeds (Pisum sativum cv. Montana) were obtained from Seed Imiovations 
Ltd, Norfolk, UK. This variety of pea has extensive tendrils and is grown mainly for the 
production of animal fodder.
Untreated wheat seeds {Triticum aestivum cv. Axona) were obtained from Zeneca UK 
Ltd, Norfolk, UK. This crop is grown extensively for human consumption.
Experimental systems
Tests were carried out in semi-enclosed microcosms as illustrated in Chapter 1 (Plates
1-2 and 13), each consisting of a cylinder 21 cm high and 9 cm in diameter constmcted 
of 0-1 mm-thick polyester film, held between the base and lid of a plastic Petri dish 
(Naseby and Lynch, 1998). In this way relatively high humidity was maintained 
throughout the experiment with minimal water loss to the atmosphere.
Three hundred grams of coarsely sieved sand soil were added to each microcosm in total, 
giving a depth of approximately 3 cm and a bulk density of 1*57 g cm‘^ . Inoculated seeds 
(8 per microcosm) were planted approximately 1 cm below the soil surface. Twenty 
millilitres of reverse osmosis (R.O.) water were added to each microcosm before being 
transferred in a completely randomised design to a growth room (Procema Ltd, 
Twickenham, UK) set to a 16 hour photoperiod with a constant temperature of 21°C. 
Plants were grown for 5 days before the addition of urea or ammonium nitrate, and were 
harvested 17 days after planting. Four replicates per treatment were used in fertiliser 
trials and eight replicates per treatment in the unfertilised control trial.
Addition of fertilisers
Five days after planting, urea or ammonium nitrate were added at rates of 10 mg N kg"^  
soil for urea and 50 mg N kg’^  soil for ammonium nitrate. These additions were
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equivalent to the recommended field applications of nitrogen derived from urea or 
ammonium nitrate (for cereal crops) i.e. 20 and 100 kg N ha'* respectively (Ministry of 
Agriculture, Fisheries and Food, 1995). Each amendment consisted of the addition of a 
10 ml solution made up in R.O. water. In this way the approximate water content of 
soils following the addition of amendments was equivalent to 25% maximum water 
holding capacity. In addition, 10% of the nitrogen added was labelled by 
incorporation of ^ ^NILNOs (Sigma Aldrich, Poole, UK) or CH^ ^^ NzO (Europa Scientific, 
Crewe, UK). In the control treatments, 10 ml R.O. water was added five days after 
planting.
Treatments
Experimental treatments for the five respective trials were as follows:
Experiment 1:
Uninoculated pea (No nitrogen addition)
FI 13 inoculated pea (No nitrogen addition)
FI 13G22 inoculated pea (No nitrogen addition)
Uninoculated wheat (No nitrogen addition)
FI 13 inoculated wheat (No nitrogen addition)
F113G22 inoculated wheat (No nitrogen addition)
Experiment 2:
Uninoculated pea + *^N-labelled urea 
FI 13 inoculated pea + *^N-labelled urea 
FI 13G22 inoculated pea + *^N4abelled urea
Experiment 3:
Uninoculated pea + *^N-labelled ammonium nitrate 
FI 13 inoculated pea + *^N-labelled ammonium nitrate 
FI 13G22 inoculated pea + *^N-labelled ammonium nitrate
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Experiment 4:
Uninoculated wheat + *^N-labelled urea 
F113 inoculated wheat + *^N-labelled urea 
FI 13G22 inoculated wheat + *^N-labelled urea
Experiment 5:
Uninoculated wheat + *^N-labelled ammonium nitrate 
F113 inoculated wheat + *^N-labelled ammonium nitrate 
FI 13G22 inoculated wheat + *^N-labelled ammonium nitrate
Experimental techniques
Plant growth and root nodulation by Rhizobium spp.
Plants were removed from soil and root systems rinsed in tap water. Excess water was 
removed from roots by blotting with absorbant paper tissue. Fresh shoot weights and 
root weights were measured for each replicate and shoot/root ratios were calculated. In 
addition, nodulation was monitored in pea by counting the number of nodules per root 
system. The number of nodules per gram root fresh weight was subsequently calculated.
Fluorescent Pseudomonas populations
One-gram root samples, representative of the whole root system, were cut into 1 cm 
lengths and ground in 9 ml sterile 1/4 strength Ringer’s solution in a surface sterilised 
mortar and pestle. From these root mashes, 10-fold dilution series were prepared in 1/4 
strength Ringer’s solution and 0*1 ml aliquots plated onto P-1 medium for the selective 
growth of Pseudomonas spp. producing fluorescent pigment (Katoh and Itoh, 1983), 
amended with 50 ppm X-gal, to estimate indigenous and introduced fluorescent 
Pseudomonas spp. Plates were incubated at 25°C for 5 days. Blue fluorescent colonies 
were assumed to be colonies formed by the introduced /urcZY-marked organisms FI 13 
or F113G22, the remainder (white fluorescent colonies) were enumerated as indigenous 
fluorescent Pseudomonas spp. For statistical analysis, data were log transformed and 
expressed as logio cfu per gram of root.
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Nitrogen uptake
Roots and shoots from each replicate were oven-dried at 70°C and ground to a fine 
powder using a pestle and mortar. Ground material was sieved through a 75 pm mesh to 
ensure homogeneous sample consistency for even burning. Samples were analysed for 
total N and enrichment using a Roboprep CN and 20/20 continuous flow isotope- 
ratio mass spectrometer (Europa Scientific, Crewe, UK). Samples were weighed into tin 
capsules, sealed by folding and dropped into a combustion tube and burned in the 
presence of an oxygen pulse. The combustion products passed into a reduction tube 
where excess O2 was trapped and NOx reduced to N2 . Water vapour and CO2 were also 
trapped and removed allowing N2 to pass into the 20/20 for analysis. Reference samples 
containing a known amount of N, similar to the amount in the samples, were run in 
conjunction with the samples. The amount of nitrogen in the samples was automatically 
calculated relative to these standards. For all experiments described (NH4 )2 S0 4  was 
used as the standard.
Atom % excess was calculated by subtracting 0-366% (the natural abundance of 
in the atmosphere. Junk and Svec, 1958) fi*om the total atom % enrichment of in 
samples. Concentrations of in plant material were calculated by multiplying the atom 
% excess of plant material by the total N concentration of plant material. The 
percentage N derived from fertiliser (Ndff) by the plants was calculated from an equation 
derived from one proposed by Barraclough (1991). Thus:
Ndff = (Atom % excess *^ N in plant material / Atom % excess *^ N in fertiliser) x 100
Where atom % excess *^ N of added urea = 9-43%, and atom % excess *^ N of added 
ammonium nitrate = 4-71%.
Statistical Analysis
Statistical analyses were carried out using SPSS for Windows (SPSS Inc.). All data 
were analysed using a one-way analysis of variance (ANOVA). Significant differences 
between treatments were subsequently identified using a test for Least Significant 
Difference (LSD).
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RESULTS
Plant grmvth and root nodulation by Rhizobium spp.
Introduction of either strain F113G22 or the DAPG-producing strain F113 had no 
significant effect on the unfertilised growth of pea (Table 2-1) or wheat (Table 2-2). 
Nodulation of pea roots was not significantly affected by inoculation with either strain 
FI 13 orF113G22(Table 2-1).
Plant growth and root nodulation of pea grown in the presence of urea was unaffected by 
inoculation with either of the Pseudomonas fluorescens strains (Table 2-3).
In the presence of ammonium nitrate, both root and shoot weights of pea were increased 
where seeds had been inoculated with strain FI 13 (Table 2-4). However, mean 
shoot/root ratio and mean number of root nodules were unaffected by inoculation with 
either strain (Table 2-4).
Plant growth of wheat was unaffected by the introduction of either strain FI 13 or 
FI 13G22 in the presence of either fertiliser (Tables 2-5 and 2-6).
Fluorescent Pseudomonas populations
In unfertilised pea, both introduced strains established equally well on roots, in numbers 
almost equivalent to the numbers of indigenous fluorescent Pseudomonas spp. recovered 
(Table 2-7). This resulted in significantly (P < 0-01) higher total fluorescent 
Pseudomonas populations on roots of inoculated plants.
In unfertilised wheat, both introduced strains colonised equally well, and established in 
numbers approximately 1 log unit lower than indigenous fluorescent Pseudomonas 
populations (Table 2-8). Overall, the total Pseudomonas population sizes on wheat were 
not significantly different between inoculated plants and non-inoculated controls.
The patterns of root colonisation by Pseudomonas spp. in the presence of both fertilisers
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were similar to those in the unfertilised study. In pea, both strains F113 and F113G22 
established equally well, at levels equal to those of the indigenous Pseudomonas spp. 
(Tables 2 9 and 2-10). In wheat, the introduced strains colonised similarly to each other 
and in general established at levels approximately 1 log unit lower than the indigenous 
fluorescent Pseudomonas spp. (Tables 2-11 and 2*12).
Nitrogen uptake
Nitrogen content of unfertilised pea shoots was found to be approximately 5-6% plant 
dry weight, and N content of pea roots approximately 3%. In unfertilised wheat, 
nitrogen content of shoot material was approximately 3-3*5% and in roots approximately 
2% dry weight (Table 2*13).
Total nitrogen content, atom % excess enrichment of *^ N, concentration of and 
percentage N derived from fertiliser in shoot and root material from pea and wheat were 
unaffected by inoculation with either strain FI 13 or F113G22 (Tables 2*14 -2*17).
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Table 2 1 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on unfertilised plant growth of pea. Plants were grown 
for 17 days in sand soil. Control seeds were not inoculated, n = 8.
Treatment Mean shoot 
weight (g)
Mean root 
weight (g)
Mean
shoot/root
ratio
Mean number 
of nodules g"' 
root
Control 1-25 0 - 8 8 1-42 34-4
F113G22 1-17 0-90 1-34 29-2
F113 1 - 2 1 0-80 1-58 23-4
P NS NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
Table 2 2 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on unfertilised plant growth of wheat. Plants were 
grown for 17 days in sand soil. Control seeds were not inoculated, n = 
8 .
Treatment Mean shoot 
weight (g)
Mean root weiglit 
(g)
Mean shoot/root 
ratio
Control 0-38 0 - 1 1 3-58
F113G22 0-44 0-14 3-30
F113 0-42 0-13 3-24
P NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
*Note the mean shoot/root ratio (in 
Table 2.2 and subsequently) represents 
the mean of the calculated shoot/root 
ratios, not the ratio of mean shoot weight 
to mean root weight.
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Table 2-3 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on plant growth of urea-fertilised pea. Plants were 
grown for 17 days in sand soil amended with urea at a rate of 10 mg N 
kg'* soil. Control seeds were not inoculated, n = 4.
Treatment Mean shoot 
weight (g)
Mean root 
weight (g)
Mean
shoot/root
ratio
Mean niunber 
of nodules g ' 
root
Control 1-16 0*94 T24 25-7
F113G22 T22 1 - 0 0 1 - 2 2 2 1 * 8
F113 1 - 2 0 1 - 0 1 1  2 0 17*4
P NS NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
Table 2 4 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on plant groAvth of ammonium nitrate-fertilised pea.
Plants were grown for 17 days in sand soil amended with ammonium 
nitrate at a rate of 50 mg N kg'* soil. Control seeds were not 
inoculated, n = 4.
Treatment Mean shoot Mean root Mean Mean number
weight (g) weight (g) shoot/root of nodules g ’
ratio root
Control 1 -2 2 =^ 0 .7 7 a 1-57 19-5
F113G22 1-13'^ 0*70" 1-69 18-6
F113 1-33^ 0-87’’ 1-52 22-5
P * ** NS NS
§ Overall significance between treatments indicated by P > 0*05 = NS, 
P  < 0 05 = *, P  < 0 01 = **. Different letters in superscript indicate
significant differences between treatments as determined by test for 
Least Significant Difference (LSD).
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Table 2-5 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on plant growth of urea-fertilised wheat. Plants were 
grown for 17 days in sand soil amended with urea at a rate of 10 mg N 
kg'* soil. Control seeds were not inoculated, n = 4.
Treatment Mean shoot 
weight (g)
Mean root weight 
(g)
Mean shoot/root 
ratio
Control 0*32 0 - 1 2 2-77
F113G22 0-32 0 * 1 2 2-69
F113 0*47 0-14 2 - 8 8
P NS NS NS
§ Overall significance between treatments indicated by P > 0*05 = NS.
Table 2 6 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on plant growth of ammonium nitrate-fertilised wheat. 
Plants were grown for 17 days in sand soil amended with ammonium 
nitrate at a rate of 50 mg N kg'* soil. Control seeds were not 
inoculated, n = 4.
Treatment Mean shoot 
weiglit (g)
Mean root weight 
(g)
Mean shoot/root 
ratio
Control 0-37 0 - 1 2 3-08
F113G22 0-37 0 - 1 1 3-31
F113 0-44 0-13 3-48
P NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
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the introduced and indigenous 
fluorescent Pseudomonas populations 
correct to four decimal places. All 
figures in Table 2.7 and subsequently are 
corrected to two decimal places.
Chapter 2
Table 2*7 Effect of introduced Pseudomonas fluorescens strains F113 
and F113G22 on fluorescent Pseudomonas populations isolated from 
unfertilised pea. Plants were grown for 17 days in sand soil. Control 
seeds were not inoculated, n = 8.
Treatment Introduced 
fluorescent 
Pseudomonas 
population (iogio 
cfii g'^  root)
Indigenous 
fluorescent 
Pseudomonas 
population (logio 
cfu g'* root)
Total fluorescent 
Pseudomonas 
population (logio 
cfti g"’ root)
Control 6  62 6-62=
F113G22 6-45 6-73 6-93^
F113 6-57 6-93 7 . 1 9 b
P NS NS **
§ Overall significance between treatments indicated by P > 0*05 = NS, 
P  < 0*05 = *, P  < 0-01 = Different letters in superscript indicate 
significant differences between treatments as determined by test for 
Least Significant Difference (LSD).
Table 2 8 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on fluorescent Pseudomonas populations isolated from 
unfertilised wheat. Plants were grown for 17 days in sand soil. 
Control seeds were not inoculated, n = 8.
Treatment Introduced 
Pseudomonas 
population (logic 
cfu g'^  root)
Indigenous 
Pseudomonas 
population (logic 
cfu g ’ root)
Total 
Pseudomonas 
population (logic 
cfii g ’ root)
Control 7-64 7-64
F113G22 6-38 . 7-65 7-68
F113 6-48 7-59 7-63
P NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
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Table 2 9 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on fluorescent Pseudomonas populations isolated from 
urea-fertilised pea. Plants were grown for 17 days in sand soil 
amended with urea at a rate of 10 mg N kg'* soil. Control seeds were 
not inoculated, n = 4.
Treatment Introduced 
fluorescent 
Pseudomonas 
population (logio 
cfii g'^  root)
Indigenous 
fluorescent 
Pseudomonas 
population (logic 
cfii g*’ root)
Total fluorescent 
Pseudomonas 
population (logic 
cfii g"’ root)
Control 6*48 6-48
F113G22 6-38 6-71 6-90
FI 13 6 * 6 6 6-82 7-05
P NS NS NS
§ Overall significance between treatments indicated by P  > 0*05 = NS.
Table 210 Effect of introduced Pseudomonas fluorescens strains 
FI 13 and F113G22 on fluorescent Pseudomonas populations isolated 
from ammonium nitrate-fertilised pea. Plants were grown for 17 days 
in sand soil amended with ammonium nitrate at a rate of 50 mg N kg'* 
soil. Control seeds were not inoculated, n = 4.
Treatment Introduced
fluorescent
Pseudomonas 
population (logic 
cfu g"' root)
Indigenous 
fluorescent 
Pseudomonas 
population (logic 
cfu g'’ root)
Total fluorescent 
Pseudomonas 
population (logic 
cfii g ’ root)
Control 6-82 6-82
F113G22 6-36 6-73 6-89
F113 6-33 7-19 7-26
P NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
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Table 211 Effect of introduced Pseudomonas fluorescens strains 
FI 13 and F113G22 on fluorescent Pseudomonas populations isolated 
from urea-fertilised wheat. Plants were grown for 17 days in sand soil 
amended with urea at a rate of 10 mg N kg'* soil. Control seeds were 
not inoculated, n = 4.
Treatment Introduced 
fluorescent 
Pseudomonas 
population (logio 
cfu g‘‘ root)
Indigenous 
fluorescent 
Pseudomonas 
population (logic 
cfli g ' root)
Total fluorescent 
Pseudomonas 
population (logic 
cfu g‘' root)
Control 7-06 7-06
F113G22 6-85 6-80 7-17
F113 6-84 7-37 7-49
P NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
Table 2 12 Effect of introduced Pseiidomonas fluorescens strains
FI 13 and F113G22 on fluorescent Pseudomonas populations isolated
from ammonium nitrate-fertilised wheat. Plants were grown for 17
days in sand soil amended with ammonium nitrate at a rate of 50 mg N
kg'* soil. Control seeds were not inoculated, n = 4.
Treatment Introduced Indigenous Total fluorescent
fluorescent fluorescent Pseudomonas
Pseudomonas Pseudomonas population (logic
population (logic population (logic cfii g'^  root)
cfu g'* root) cfu g’’ root)
Control 7-75 7-75
F113G22 6-60 7-47 7-68
F113 6-19 7-70 7-71
P NS NS NS
§ Overall significance between treatments indicated by P  > 0*05 = NS.
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Table 2 13 Effect of introduced Pseudomonas fluorescens strains 
FI 13 and F113G22 on nitrogen content of shoot and root material of 
unfertilised pea and wheat. Plants were grown for 17 days in sand soil. 
Control seeds were not inoculated, n = 8.
Treatment pg N m g’ 
pea shoot dry 
weiglit
pg N m g’ 
pea root dry 
weight
pg N m g’ 
wheat shoot 
dry weiglit
pg N mg ’ 
wheat root 
dry weight
Control 61-8 29 1 34-7 2 0 - 0
F113G22 51-7 29-2 32-7 16-6
FI 13 58-7 33-2 35-2 22-7
P NS NS NS NS
§ Overall significance between treatments indicated by P  > 0 05 = NS.
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DISCUSSION
It was hypothesized that the large-scale introduction of Pseudomonas fluorescens strains 
F113 or FI 13G22 into the rhizosphere of wheat or pea, may result in decreased plant N 
uptake either as a result of increased microbial competition with plants for available 
mineral nitrogen, or as a consequence of changes to root morphology and physiology. 
The results of the current studies indicate that there was no significant impact of the 
introduction oî Pseudomonas fluorescens strains FI 13 or F113G22 on the availability of 
fertiliser-derived nitrogen or on the uptake of N by the two crop species tested. Neither 
uptake per se, nor the amount of nitrogen derived from fertiliser were influenced by 
inoculation with the P.fluorescens strains. There were also no significant differences 
between uptake or the percentage nitrogen derived from fertiliser between plants 
inoculated with strain FI 13 or those inoculated with strain FI 13G22. This suggests that 
there was no specific effect of DAPG production on plant nitrogen uptake or availability.
Both pea and wheat roots were extensively colonised by the introduced strains at levels 
in excess of 10® cfu g * root. Populations of fluorescent Pseudomonas species colonising 
the rliizosphere of wheat and pea appeared to be unaffected by the addition of either urea 
or ammonium nitrate, establishing in numbers not significantly higher than those in 
unfertilised plants (statistical analyses not shown). The addition of nitrogen has been 
shown to increase bacterial numbers in the rhizosphere of some plant species (Van 
Vuurde and De Lange, 1978a,b; Kolb and Martin, 1988), but these results are not 
consistent and cases where microbial populations did not increase in response to nutrient 
additions have also been reported. Polyanskaya et al. (1994) have suggested that 
nitrogen fertilisation will stimulate root microflora only when there is competition for 
nitrogen between the root and microorganisms, and will result in no effect if root 
exudates contain sufficient N to support the microbial population. This would appear to 
be in agreement with the data presented here, where it is suggested that the introduction 
of the Pseudomonas fluorescens strains did not lead to increased competition between 
plants and microbial populations for available mineral N.
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Despite the fact that both P.fluorescem strains FI 13 and F113G22 established at a high 
level in the rhizospheres of wheat and pea, there were no effects on plant growth or root 
nodulation in unfertilised pea plants. This is in contrast to results obtained by Andrade et 
al. (1998) and Dixon-Hardy et al, (Submitted), who found that inoculation of pea with 
strain FI 13 led to changes in root morphology and to increased nodulation. Whilst root 
morphology was not investigated here, root nodulation in pea was not shown to increase 
in the presence of FI 13. The reason why the effect on nodulation was not duplicated 
here is not clear, however it could be due to a number of factors such as, for example, a 
lack of compatible Rhizobium spp. in the soil or the presence of nitrogen in excess of 
requirements even in the unfertilised soil. It is important also to note that the current 
studies were carried out over a comparatively short time-scale. It is perhaps unlikely that 
within this time even the unfertilised plants experienced nutrient stress or a situation 
where pea plants needed to fix atmospheric N2 . Seed reserves may have still been 
supplying the young seedlings with much of the N required for growth, which may also 
explain the overall low recovery of the added fertiliser N. Data obtained by Andrade et 
al. (1998) represented nodulation averaged over 2, 4, 6 and 8 weeks plant growth.
Previous studies have suggested that inoculation with FI 13 may lead to N stress, as 
indicated by changes to root morphology (root length and lateral root development) and 
root exudation patterns (Andrade et al., 1998; Dixon-Hardy et al.. Submitted; Naseby 
and Lynch, Submitted). Plant root morphology and exudation patterns will be governed 
not only by the metabolic activity of the inoculants, but also by soil factors such as the 
nutrient and moisture status of the soil. Changes in root morphology due to inoculation 
with FI 13 were previously only found in soil-free systems and in sand soil, but not in 
silty loam or clay soil (Dixon-Hardy et ah. Submitted). This suggests that certain 
(unidentified) soil factors may either mask or inhibit such changes. Since nitrogen uptake 
appeared to be unchanged by inoculation with either strain FI 13 or F113G22 in the 
current studies, this could mean that either such changes to root morphology and 
physiology did not occur in the presence of fertiliser N or, that if such changes did occur, 
that these changes were adaptive responses which compensated for any N stress induced 
by inoculation.
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Only when pea plants were fertilised with ammonium nitrate was there a significant 
increase in plant growth in the presence of the biocontrol strain FI 13. This effect may 
have been due to the antagonistic action of DAPG against root pathogens (Shanahan et 
al., 1992) or to changes in plant physiology (Dixon-Hardy et al.. Submitted) or root 
exudation patterns (Andrade et al., 1998; Naseby and Lynch, Submitted). Which of 
these (combination of) factors may lead ultimately to enhanced plant growth will depend 
on both biotic variables such as the presence of pathogens and compatible plant 
symbionts, and on abiotic factors such as nutrient and water availability. It could be 
suggested that the addition of mineral fertilisers may either negate any possible changes 
in root morphology, or negate the effects on nutrient uptake due to changes in root 
morphology and physiology, which may themselves be adaptive responses to nutrient 
shortage. However, antagonistic action against root pathogens due to DAPG production 
may have led to an increase in plant growth in the ammonium nitrate-fertilised pea plants. 
Reports of N fertilisation on plant pathogenesis are generally variable, and seem to be 
both plant and pathogen specific. In some cases application of N has been shown to 
decrease the prevalence of disease, whereas others have reported increased disease 
incidence in the presence of N fertiliser. The increased use of nitrogen fertilisers is 
generally considered to increase the severity of diseases caused by pathogens that prefer 
young succulent tissue and to decrease diseases caused by pathogens which attack 
mature and senescent tissue (Agrios, 1997). However, it is now known that it is 
generally the form of nitrogen (nitrate or ammonium) available to the host or pathogen 
that affects disease severity or resistance rather than the amount of nitrogen. Since both 
nitrate and ammonium were presumably available to the plant in this study, it is difficult 
to comment further on this. However, plant growth promotion of a legume by the 
addition of a nitrogen fertiliser in the presence of a biocontrol strain is perhaps more 
likely to be due to effects on minor plant pathogens or rhizosphere interactions than on 
nitrogen availability.
In summary, these studies suggest that inoculation with Pseudomonas fhiorescens strains 
FI 13 or FI 13G22 leads to negligible effects on plant nutrient uptake from N-fertilisers.
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Effect of introduced Pseudomonas Jluorescens strains on the uptake of
nitrogen by pea from enriched organic residues
Chapter 3
SUMMARY
The decomposition of plant residues in soil and the accompanying mineralisation and 
immobilisation of inorganic N are key processes of the soil internal N cycle. These are 
processes which could be influenced by the introduction of fluorescent Pseudomonas 
species to the rhizosphere, resulting in changes to plant availability of N and 
consequently to plant N uptake.
The effects of inoculation of pea {Pisum sathmm) with Pseudomonas fhiorescens strains 
FI 13 and FI 13G22, on the uptake of nitrogen derived from ^^N-labelled organic residues 
incorporated into a sandy soil were investigated in a microcosm study. Uptake of by 
pea {Pisum sativum) was estimated using stable isotope-ratio mass spectrometry of 14 
day old plant material. In addition, plant growth and active microbial biomass in soil 
were monitored.
Inoculation with either strain FI 13 or F113G22 increased the proportion of nitrogen 
(^^N) taken up by pea derived from mineralised organic residues, even though the 
antibiotic-producing strain FI 13 significantly reduced microbial active biomass in soil.
It is suggested that the stimulatory effect of FI 13 and F113G22 on content was due 
to increased mineralisation of organic residues in the rhizosphere stimulated by the 
introduced organisms, making greater quantities of inorganic nitrogen (^^N) available for 
plant uptake.
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INTRODUCTION
Fertilisers represent one of the largest inputs of nitrogen into agriculture. However, 
even in heavily fertilised soils, plants derive part of their nitrogen requirement through 
the biological mineralisation of various organic sources in soil (Schnurer and Rosswall, 
1987). It is therefore important to assess the impact of microbial inoculants on this 
process. Furthermore, in attempts to make agriculture more sustainable and reduce 
chemical inputs, increasing emphasis is being placed on the incorporation of crop 
residues into soil. It is believed that those systems which bear closest resemblance to 
natural ecosystems will be the ones which require fewer chemical inputs, since greater 
reliance can be placed on ecosystem self-regulation (House et al., 1984; Alteri, 1991). 
Therefore the assessment of potential side-effects of biocontrol agents is perhaps best 
carried out in combination with other sustainable practices such as the application of 
organic manures or crop residues to soil.
The decomposition of plant residues in soil and the accompanying mineralisation and 
immobilisation of inorganic N are key processes in the soil internal nitrogen cycle. 
These are processes which could potentially be influenced by the large-scale 
introduction of fluorescent Pseudomonas species to the rhizosphere. Incorporation of 
crop residues into soil causes a rapid increase in the soil microbial biomass on and 
around residue particles. This soil microbial biomass will act both as a sink for 
nutrients and as a source for nutrients when cells die and lyse (Jensen, 1997). The 
availability of plant residue N to crops is therefore largely determined by the balance 
between the processes of mineralisation and immobilisation, and on the plant's ability to 
compete with microorganisms for the available inorganic N in soil.
Immediately after incorporation of organic residues into soil, microbial C and N 
metabolisms are closely linked, since after adding a C substrate to soil the energy and 
break-down products generated by heterotrophic metabolism are utilised to increase the 
microbial biomass and hence the N demand of decomposer populations (Ladd and 
Foster, 1988). The carbon assimilation rate of the microflora depends on the rate of 
decomposition of plant residues and the assimilation yield of the decomposed C by the
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microflora. In the rhizosphere, additional sources of available carbon include those 
carbon compounds released from plant roots in the process of rhizodeposition. The N 
assimilation requirements of the biomass are determined by this carbon flow and the 
C/N ratio of the decomposers. The sources of nitrogen for the microbial biomass can be 
the plant residue itself, the mineral N already present in the soil or recently mineralised, 
N compounds released by rhizodeposition and the recycling soil biomass. The 
minéralisation-immobilisation turnover hypothesis suggests that the microbial biomass 
obtains all the N needed for synthetic reactions associated with growth and metabolism 
from the soil inorganic mineral N pool (Jansson and Persson, 1982), and that therefore 
plants and microbes will be competing for the same source of N. However, it has also 
been suggested that the soil microbial biomass is capable of taking up and assimilating 
low molecular weight nitrogenous compounds directly (McGill et al., 1981; Molina et 
a l,  1983), thereby leaving the mineral N pool untouched. However, the availability of 
inorganic N has been shown to significantly influence the amount of N immobilised and 
the rate of decomposition (Recous et al., 1995; Mary et a l, 1996). It is most likely, 
therefore, that both pathways may operate concurrently during the initial decomposition 
of organic residues, with low molecular weight organic N forms dominating the N 
assimilation by the residue-specific population and inorganic N-immobilisation 
operating at the level of the native soil population (Hadas et a l, 1992). Carbon and 
nitrogen flows associated with the initial decomposition of plant residues are illustrated 
in figure 31 overleaf.
As can be seen from figure 3-1, it is primarily the balance between the mineralisation 
processes (mineralisation of organic N and remineralisation of microbial biomass N) 
and immobilisation which largely determine the size of the inorganic N pool available 
for plant uptake.
The decomposition rate of fresh organic material added to soil is generally most rapid 
during the first few weeks after incorporation (Sorensen, 1981). There are a number of 
factors which determine this initial rate of plant residue decomposition, including 
physical factors such as temperature and soil moisture and specific factors relating to 
the size and composition of the residues. However, rates of decomposition also depend
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on the composition of the soil microbial biomass and on available nutrients, and these 
are factors which could potentially be influenced by the large-scale introduction of 
bacteria into soil.
Figure 3*1 Flow chart of C and N transformations during the initial decomposition of
plant residues in soil.
CO
Mineralisation
Plant Residue Microbial Biomass
Assimilation
Carbon Carbon
Recycling
Assimilation
Nitrogen Nitrogen
Immobilisation
Inorganic N
Remineralisation
Mineralisation
Thick Lines - N transformations. Thin Lines - C transformations.
§ Adapted from Mary, B; Recous, S; Danvis, D. and Robin, D. (1996). Interactions between 
decomposition of plant residues and nitrogen cycling in soil. Plant and Soil 181 71- 82.
A simple method which may offer direct information on the functional impact of 
introduced Pseudomonas flvorescens strains on the decomposition of organic residues 
in soil, is to monitor uptake of ^^ N by plants in the presence of ^^N-labelled organic 
residues. In the study described in this chapter, ^^ N tracer techniques were used to 
monitor nitrogen uptake by pea from ^^ N enriched wheat shoot residues incorporated 
into soil. It is hypothesized that the large-scale introduction of fluorescent 
Pseudomonas spp. to the rhizosphere could alter the rate or extent of mineralisation-
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immobilisation processes or microbial assimilation of N, by inhibiting or stimulating 
indigenous saprophytic microbial communities involved in the mineralisation of organic 
residues. By using as a tracer, any such changes will lead to changes in the size of 
the ^^N-labelled inorganic nitrogen pool, and thus to changes in plant uptake of
The introduction of Pseudomonas fhiorescens strains into soil may themselves enhance 
the rate of mineralisation, since this group of organisms are loiown to be significant 
mineralisers of organic matter in the natural environment (Palleroni, 1984). This could 
potentially lead to an increase in the amount of inorganic N available for plant growth. 
However, an increase in microbial immobilisation or microbial assimilation of N due to 
the introduction of these strains may lead to a decrease in available N for plant uptake.
It is also possible that the production of the antimicrobial agent 2,4- 
diacetylphloroglucinol (DAPG) by F113 may result in decreased mineralisation due to 
the inhibition of indigenous microbial populations involved in organic matter 
decomposition.
Such changes to the soil nitrogen cycle could ultimately affect crop productivity, and it 
is therefore essential to assess the likelihood of such events occurring in contained 
systems before such organisms are released on a large-scale into the environment.
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MATERIALS AND METHODS
Bacterial strains and culturing and inoculation of pea seeds were as described in Chapter 
2 (Materials and Methods section). The soil was taken from the site described in 
Chapter 2 (Materials and Methods section) in the autumn of 1995 and stored as 
previously described.
Generation of '^N-Iabelled organic residues
Organic residues ^^N-enriched to 16-5 atom % excess were obtained by amending 9 
cm diameter plant pots containing 300 g potting compost (Levington Multipurpose 
compost, Levington Ltd, Ipswich, UK) planted with 50 wheat seeds each, with 
approximately 23*5 mg derived from a 90% ^^N-enriched urea solution. Seedlings 
were watered daily and were grown for 21 days in a glasshouse, at an average 
temperature of 20°C. Non-enriched residues were obtained by growing seeds in potting 
compost amended with equivalent amounts of unlabelled urea. Shoot material was 
removed and cut into pieces approximately 1 cm in length before being dried at 70®C 
for 48 hours in a drying oven. Dried material was finely ground using a pestle and 
mortar, and stored at room temperature in sealed plastic bags until required. Enriched 
and non-enriched residues were combined to give an overall enrichment of 3 2 atom % 
excess and incorporated into soil at a rate of 1 g residue per 300 g soil.
Experimental systems
Tests were carried out in semi-enclosed microcosms as described in Chapter 2 
(Materials and Methods section). Three-hundred grams of coarsely sieved amended soil 
were added to each microcosm, giving a depth of approximately 3 cm and a bulk 
density of 1*57 g cm' .^ Inoculated seeds (8 per microcosm) were planted at a depth of 
approximately 1 cm below the soil surface and water content was adjusted to 25% of the 
maximum water holding capacity. Microcosms were subsequently transferred in a 
completely randomised design to a growth cabinet (Vindon Scientific, Oldham, UK) set 
to a 16 hour photoperiod with a day/night temperature regime of 21°C/15°C. Plants
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were grown for 14 days before sampling. Four replicates per treatment were used. 
Treatments
Experimental treatments were as follows:
Uninoculated pea + ^^N-labelled organic residues 
FI 13 inoculated pea + ^^N-labelled organic residues 
FI 13G22 inoculated pea + ^^N-labelled organic residues
Experimental techniques
Plant growth
Plants were removed from soil and root systems rinsed in tap water. Excess water was 
removed by blotting with absorbant paper tissue. Fresh shoot weights and root weights 
were measured for each replicate. From these data, shoot/root ratios were calculated.
Active microbial biomass
An assay based on the hydrolysis of fluorescein diacetate (Schnurer and Rosswall, 1982) 
was used as an indicator of microbial activity/biomass (See Chapter 1). For each 
replicate, 1 g sieved soil was placed in a 50 ml sterile plastic centrifuge tube. To each 
tube, 25 ml of sodium orthophosphate buffer (0*2 mol l '\  pH 8-0, containing 1 g 1'^  
sodium azide to prevent microbial growth) and 250 ^g fluorescein diacetate in solution 
were added. Tubes were incubated at 25“C on a rotary shaker at 200 rpm for 1 hour. 
The reaction was stopped by adding 25 ml acetone. Samples were subsequently 
centrifuged at 4000 x g  for 10 minutes and the optical density measured at 490 nm. 
Results were expressed as jig fluorescein hydrolysed per gram soil dry weight per hour.
Nitrogen uptake
Root and shoot material from each replicate was analysed as described in Chapter 2 
(Materials and methods section). Percentage N derived fiom organic residues (N#) was 
calculated as below based on calculations proposed by Barraclough (1991):
99
Chapter 3
Ndfr= (Atom % excess in sample/Atom % excess labelled organic residues) x
100
Where atom % excess labelled organic residues = 3*2%.
Statistical Analysis
Statistical analysis was carried out using SPSS for Windows (SPSS Inc.). All data were 
analysed using one-way analysis of variance (ANOVA). Where more than two means 
were compared, significant differences between treatments were analysed using a test 
for Least Significant Difference (LSD).
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RESULTS AND DISCUSSION
Introduction of either strain FI 13 or F113G22 did not affect shoot weight, root weight 
or shoot/root ratio of pea plants as compared to non-inoculated controls (Table 3*1).
Both FI 13 and F113G22 inoculated plants yielded significantly (P < 0*01) more highly 
(^^N) enriched shoot material as compared to non-inoculated controls (Table 3*3), A 
similar trend was observed for root material (P < 0*05). Quantities of per unit dry 
weight in both shoots (P < 0 01) and roots (P < 0*05) were greater where seeds were 
inoculated with either strain F113 or F113G22 (Table 3*3). Plants inoculated with 
either strain FI 13 or F113G22 derived significantly more nitrogen from mineralised 
organic residues than non-inoculated plants.
This suggests that both strains enhanced mineralisation of the organic residues added to 
soil (or remineralisation of immobilised by the microbial biomass), thus making 
more inorganic nitrogen available for plant uptake. This is most likely since these and 
previous data (Chapter 2) have indicated that N uptake per se was unaffected by 
inoculation with either strain FI 13 or F113G22, as total N content was unaffected. It 
can therefore be deduced, that if uptake rates are unaffected, then the most likely 
explanation for an increase in concentration in plant material is an increase in the 
size of that N-pool in the soil. This can only have resulted from an increase in 
mineralisation (or remineralisation) of the organic residues added to soil (See Fig. 3*1).
Pseudomonas fhiorescens strains are themselves amongst the most significant 
mineralisers of organic material in the natural environment (Palleroni, 1984), and 
therefore their establishment in the soil or rhizosphere may have resulted in a significant 
contribution to the mineralisation process. Due to the relatively small volume of soil 
used in this study, most of the soil was intimately associated with the pea root system, 
and can therefore be regarded as rhizosphere soil.
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Table 3*1 Effect of introduced Pseudomonas fluorescens strains F113 
and F113G22 on plant growth of pea. Plants were grown for 14 days 
in sand soil amended with ^^N-labelled organic residues at a rate of 1 
g per 300 g soil. Control seeds were not inoculated, n = 4.
Treatment Shoot weiglit 
(g)
Root weight 
(g)
Shoot/root ratio
Control 1-19 0-97 1-28
F113G22 0-87 0-81 1*08
F113 1-13 0-91 1*27
P NS NS NS
§ Overall significance between treatments indicated by P>0*05 = NS.
Table 3*2 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on microbial biomass in the rhizosphere of pea. Plants 
were grown for 14 days in sand soil amended with ^^N-labelled 
organic residues at a rate of 1 g per 300 g soil. Control seeds were not 
inoculated. n = 4.
Treatment Hydrolysis of fluorescein diacetate (p,g
lir‘* g'* soil dry weight)
Control 34-33^
F113G22 28*17''
F113 14-08"
P ***
§ Overall significance between treatments indicated by P  > 0 05 = NS,
P < 0-05 = *, P  < 0 01 = P  < 0-001 = ***. Different letters in
subscript indicate significant (P < 0-05) differences between
treatments as determined by test for Least Significant Difference
(LSD).
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Chapter 3
Even though the Pseudomonas strains were inoculated onto seeds, both strains appear to 
have affected the functioning of the whole of the plant-soil system, including the 
decomposition of plant residues incorporated into the soil.
The relevance of this finding to the field situation will depend to a large extent on the 
nature of the cropping practices employed. For example, this situation is probably 
similar to the field situation where plant residues are shallowly-incorporated into the top 
10-30 cm of the soil profile. Thus where crops are subsequently densely sown, this 
upper zone of the soil profile where plant residues are incorporated is likely to come 
under the influence of plant roots, and therefore seed inoculation may influence 
decomposition of plant residues. However, in cases where the soil is more deeply 
ploughed and crop residues are incorporated into soil at a much greater depth, the 
observed rhizosphere effects are less likely to occur, since there will be greater spatial 
separation between the inoculant and the organic residues.
Overall, active microbial biomass was significantly (P < 0-001) reduced in FI 13 
inoculated treatments as compared to non-inoculated controls and those inoculated with 
F113G22 (Table 3-2). The enzymatic hydrolysis of fluorescein diacetate (FDA) was 
used in this study as an indicator of total microbial active biomass in soil. This 
technique has been used previously as an indicator of microbial activity or biomass in 
soils (Haigh and Rennie, 1994), in mulches (You and Sivasithamparam, 1994), and on 
surfaces such as pine needles (Swisher and Carroll, 1980). The rate of hydrolysis has 
been shown to be proportional to microbial cell mass (Swisher and Carroll, 1980). 
Whist bacteria (0-5-2 p.m) are the most numerous organisms of the soil biota, fungi (3- 
50 p,m) may account for most of the soil biomass (Anderson and Domsch, 1978). In 
this study, the hydrolysis of FDA was found to be significantly lower where seeds were 
inoculated with strain FI 13. This effect may have been due to the action of the 
antifungal metabolite, DAPG, produced by this strain reducing microbial (primarily 
fungal) biomass. Despite this reduction of active microbial biomass, mineralisation 
(here considered to be conversion to inorganic N by any means) of the added organic 
material was enhanced in the presence of P. fluorescens strain FI 13. This suggests that 
the indigenous microbial populations inhibited by this strain did not significantly
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contribute to the mineralisation of these residues. This is further supported by the fact 
that strain F113G22 had no significant effect on the amount of active microbial 
biomass. Inoculation with this strain, however, gave a similar increase in the amount of 
plant nitrogen derived from organic residues.
The organic N added to the soil became quickly available to the plant, as indicated by 
the percentage of nitrogen taken up by the plants derived from the organic residues. 
This suggests that the nutrients initially immobilised by the microbial biomass were 
subsequently remineralised fairly rapidly. This may have resulted from inoculum- 
induced changes in local environmental conditions, inducing microbial cell death and 
lysis with the subsequent release of nutrients for plant uptake. Alternatively, the 
increased mineralisation activity may have resulted in an increase in microbial predation 
which might have led to the release of microbially-immobilised N for plant uptake. 
This hypothesis is investigated in Chapter 5.
In summary, nutrient cycles may be regarded as the result of the functional activities of 
the microbiota and plant roots, and thus studies of such cycles are ultimately indicators 
of cumulative function. To date, very few studies have addressed the possible effects of 
microbial inoculants on nutrient cycles; most previous experiments have monitored 
populations in soil or in the rhizosphere with little attention being paid to the functional 
impact that the introduction of a bacterial inoculant may have. The results of this study 
suggest an alteration to the cumulative function of the nitrogen cycle, which may 
ultimately effect plant availability of N. Unlike population studies which provide only 
an indication of possible perturbation, the data presented here provide direct evidence of 
a functional perturbation arising from a bacterial introduction. Whilst in this instance 
plant growth or nitrogen uptake were unaffected by inoculation with either strain FI 13 
or F113G22, the results indicate an alteration to key processes in the nitrogen cycle, 
which, over a longer time period, could influence plant growth or plant health. It is the 
occurrence of such changes in ecosystem function which risk assessment of microbial 
inoculants should address. Nevertheless, the effects of the Tn5 mutant were comparable 
to those of the non-frmctionally modified P.fluorescem FI 13 strain. This suggests that 
the presence of the DAPG functional genes resulted in an inoculum which effected
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ecosystem functioning no differently to the strain with antibiotic production deleted.
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Effect of introduced Pseudomonas fluorescens strains on the uptake of 
nitrogen by wheat from enriched organic residues
Cliapter 4
SUMMARY
Previous studies have found that mineralisation of organic residues incorporated into 
soil was enhanced in the rhizosphere of pea {Pisum sativum) inoculated with 
Pseudomonas fluorescens strains FI 13 or FI 13G22 (Chapter 3). In the study described 
in this chapter, the effects of inoculation of wheat {Triticum aestivum) with 
Pseudomonas fluorescens strains FI 13 and F113G22 on the uptake of nitrogen derived 
from enriched organic residues incorporated into a sandy soil were investigated.
The uptake of nitrogen by wheat from ^^N-labelled organic residues was estimated 
using stable isotope-ratio mass spectrometry of shoot and root material from 17-day old 
plants. In addition, plant growth and active microbial biomass in soil were monitored. 
Since different plant species are known to differ in their associated rhizosphere 
microbial populations, it is important to assess the impact of potential microbial inocula 
on different host plants.
In contrast to the results obtained in the previous study on pea (Chapter 3), it was found 
that inoculation with either strain FI 13 or F113G22 decreased the proportion of 
nitrogen derived from ^^N-labelled organic residues as compared to non-inoculated 
controls. It is therefore suggested that these strains decreased mineralisation of organic 
residues in the rhizosphere of wheat, making less inorganic N (^^N) available for plant 
uptake.
The results of this study indicate that the effects of introduced P.fluorescens strains on 
nitrogen mineralisation in the rhizosphere are mediated by plant species, and highlight 
the importance of testing microbial inocula on a range of plant species. Possible 
reasons for the contrasting effects on mineralisation in the rhizospheres of wheat and 
pea are discussed.
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INTRODUCTION
Previous studies have shown that in the presence of excess nitrogen, plant uptake of 
nitrogen from mineral fertilisers added to soil was unaffected by inoculation with 
Pseudomonas fluorescens strains FI 13 and F113G22 (Chapter 2). However, in the 
rhizosphere of pea inoculated with either strain FI 13 or F113G22, mineralisation of 
organic residues was enhanced (Chapter 3). This suggests that plant inoculation with 
P.fluorescens strains altered saprophytic microbial activities within the rhizosphere. 
How microbial inoculants will effect such saprophytic microbial activities, will depend, 
to a large extent, on the nature of the indigenous rhizosphere microbial community, 
which in turn depends on plant species.
Different plant species vary in their associated rhizosphere microbial populations, and it 
is most likely that plant genotype affects the composition of rhizosphere microbial 
communities through differences in root exudate composition (See Chapter 1). 
Grayston et al. (1998), used the Biolog® system to construct sole carbon source 
utilisation profiles of rhizosphere microbial communities associated with wheat, 
ryegrass, bentgrass and clover. There was found to be clear discrimination between 
carbon sources utilised by microbial communities from the different plant rhizospheres. 
Carbohydrates, carboxylic acids and amino acids were the substrates mainly responsible 
for this discrimination, suggesting that differences in the exudation of these compounds 
may account for differences in associated rhizosphere microbial communities between 
plants.
It is therefore important that the effects of microbial inoculants on microbially-mediated 
processes in the rhizosphere are investigated in different crop species. In the study 
described in this chapter, the effects of inoculation of wheat with P.fluorescens strains 
FI 13 and F113G22 on the uptake of nitrogen from mineralised organic residues were 
investigated.
Whilst fluorescent Pseudomonas species may constitute between 5-30% of the total pea 
rhizosphere bacterial community (De Leij, Personal Communication; Naseby, PhD
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thesis), in wheat, fluorescent Pseudomonas spp. have been found to account for only 
0*5-2% of the indigenous rhizosphere population (Miller et a l, 1989, 1990; Miller, 
1990; De Leij, Personal Communication). These differences in rhizosphere microbial 
populations are most likely to be influenced by differences in root exudation patterns. 
Ayers and Thornton (1968), for example, found qualitative and quantitative differences 
in amino acids exuded by pea and wheat plants grown in sand or solution culture.
However, differences in root growth and morphology may also influence early 
microbial colonisation and population dynamics in the rhizospheres of the two plant 
species. In pea, as in all dicots, the root system develops along a main single axis, the 
taproot, which thickens as a result of secondary cambial activity. From this main root 
axis, lateral roots develop to form an extensively branched root system (Taiz and 
Zeiger, 1991). In monocots such as wheat however, root development starts with the 
emergence of three to six primary (or seminal) root axes from the germinating seed. 
With further growth, new adventitious roots called nodal roots are formed. With time, 
the primary and nodal root axes grow and branch extensively to form a complex fibrous 
root system where most roots tend to have the same diameter (Taiz and Zeiger, 1991). 
Since certain zones of roots produce more exudates than others (Rovira, 1973), these 
zones may be preferentially colonised by rhizosphere microorganisms, leading to non- 
uniform patterns of distribution. These patterns of colonisation may differ between 
plant species, and may consequently result in differences in microbial population 
dynamics. For example, structural habitats on roots where the formation of 
microcolonies is accommodated, may lead to an accumulation of significant levels of 
antibiotics (Chao and Levin, 1981). Such phenomena no doubt play a key role in 
rhizosphere microbial interactions, though these have been little investigated.
In addition to inherent differences between root exudation patterns and rhizosphere 
microbial communities between the two crop species, it is also important to appreciate 
that root exudation patterns of different plant species tend to be influenced variably by 
external factors. Many studies have investigated the effects of the presence of 
microorganisms on root exudation, and several have found root exudation to be 
increased in the presence of microorganisms (Lee and Gaskins, 1982; Snellgrove et a l.
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1982; Schwab et al., 1984; Heulin et al., 1987). However, many bacteria have also 
been found to elicit no exudation response in the specific plants tested (Meharg and 
Killham, 1995). It is therefore conceivable that exudation responses will not only be 
dependant on the bacterial species present, but also be plant species specific. Thus the 
introduction of the same microbial inoculant to the rhizospheres of different crop plants 
may elicit different root exudation responses, in turn effecting microbial populations 
differently.
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MATERIALS AND METHODS
Bacterial strains, host plant, culturing and inoculation of wheat seeds and soil type were 
as described in Chapter 2  (Materials and Methods section).
Enrichment of organic residues
Organic residues enriched to 3-57 atom percent excess were obtained by amending 
9 cm diameter plant pots containing 300 g sand soil each planted with 50 wheat seeds 
with approximately 7*5 mg derived from an enriched urea solution (90% atom 
excess). Seedlings were watered daily and grown for 18 days in a glasshouse, at an 
average temperature of 20°C. Plant shoot material was removed and roughly chopped 
into segments approximately 1 cm in length before being dried at 70°C for 48 hours in a 
drying oven. Dried material was ground using a pestle and mortar and stored at room 
temperature in sealed plastic bags until required. Enriched residues were incorporated 
into soil at a rate of 1 g residue per 300 g soil.
Experimental systems
The study was carried out in microcosms as described in Chapter 2 (Materials and 
Methods section). Three hundred grams of coarsely sieved amended soil was added to 
each microcosm, giving a depth of approximately 3 cm and a bulk density of T57 g cm' 
Inoculated seeds ( 8  per microcosm) were planted at a depth of approximately 1 cm 
below the soil surface and water content was adjusted to 25% of the maximum water 
holding capacity. Microcosms were subsequently transferred in a completely 
randomised design to a growth cabinet (Vindon Scientific) set to a 16 hour photoperiod 
with a day/night temperature regime of 2lW l5°C . Plants were grown for 17 days 
before sampling. Five replicates per treatment were used.
Treatments
Experimental treatments were as follows:
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Uninoculated wheat + ^^N-labelled organic residues 
FI 13 inoculated wheat + ^^N-labelled organic residues 
FI 13G22 inoculated wheat + ^^N-labelled organic residues
Experimental techniques
Plant growth
Plants were removed from soil and root systems rinsed in tap water. Fresh shoot 
weights and root weights were measured for each replicate. Total plant weight and 
shoot/root ratios were calculated.
Active microbial biomass
An assay based on the hydrolysis of fluorescein diacetate was used as an indicator of 
total microbial activity as described in Chapter 3 (Materials and Methods section).
Nitrogen uptake
Shoot and root material was prepared and analysed as described in Chapter 3 (Materials 
and Methods section). Percentage plant N derived from organic residues was calculated 
as described in Chapter 3 (Materials and Methods section), where atom % excess of 
organic residues = 3-57.
Statistical Analysis
Statistical analysis was carried out using SPSS for Windows (SPSS Inc.). All results 
were analysed using a one-way analysis of variance (ANOVA). Differences between 
treatments were identified using a test for Least Significant Difference (LSD).
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RESULTS
Plant growth
Inoculation of wheat seeds with either strain FI 13 or F113G22 had no effect on shoot 
growth, root growth, total plant weight or shoot/root ratio, as compared to non- 
inoculated controls (Table 4 1).
Active microbial biomass
Similarly, active microbial biomass in rhizosphere soil, as estimated by hydrolysis of 
fluorescein diacetate yielded no significant differences between inoculated and non- 
inoculated treatments (Table 4-2).
Nitrogen uptake
enrichment of shoot material and percentage N derived from organic residues 
incorporated into soil was significantly (P < 0 05) lower in treatments inoculated with 
either strain FI 13 or F113G22 as compared to the non-inoculated controls (Table 4*3). 
However, there was no effect of inoculation on the content or percentage N derived 
from organic residues in roots (Table 4-3).
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Table 4.1 Effect of introduced Pseudomonas fliiorescens strains FI 13 
and F113G22 on plant growth of wheat. Plants were grown for 17 days 
in sand soil amended with ^^N-labelled organic residues at a rate of 1 g 
per 300 g soil. Control seeds were not inoculated, n = 5.
Treatment Mean shoot 
weight (g)
Mean root 
Weight (g)
Mean total 
plant weight 
(g)
Mean
shoot/root
ratio
Control 0-33 0-15 0-48 2*30
F113G22 0*39 0-17 0-56 2*25
F113 0*34 0-16 0*50 2*19
P NS NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
Table 4*2 Effect of introduced Pseudomonas flnorescens strains FI 13 
and F113G22 on active microbial biomass in the rhizosphere of wheat. 
Plants were grown for 17 days in sand soil amended with ^^N-labelled 
organic residues at a rate of 1 g per 300 g soil. Control seeds were not 
inoculated. n = 5.
Treatment Hydrolysis of FDA (pg fluorescein g'' 
soil hour
Control 23*8
F113G22 22*9
F113 31*9
P NS
§ Overall significance between treatments indicated by P  > 0 05 = NS.
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Chapter 4
DISCUSSION
Inoculation of wheat seeds with either Pseudomonas fluorescens strain FI 13 or 
F113G22 decreased the proportion of nitrogen in 17-day old shoots derived from 
mineralised organic residues. These results suggest that the introduced strains 
decreased the mineralisation of organic residues in soil as compared to non-inoculated 
controls, making less inorganic N available for plant uptake. These data contrast with 
results obtained in a similar study caiTied out using pea (Chapter 3), where inoculation 
with either strain FI 13 or F113G22 was found to increase the mineralisation of nitrogen 
from labelled organic residues incorporated into soil.
As in the previous study however, no net effect on mineralisation or plant N uptake 
could be attributed to the production of the antimicrobial compound DAPG, since both 
the DAPG-producing strain FI 13 and the derivative non-antibiotic-producing strain 
F113G22 appeared to result in similar effects. In addition, mineralisation of organic N 
was again not correlated with active microbial biomass.
The most important conclusion from these studies is that not only does inoculation with 
these strains affect the mineralisation of nitrogen in the rhizosphere of crops, but that 
the net effect (increase or decrease) depends on plant species. This may be a direct 
consequence of inoculation on the different indigenous microbial populations associated 
with the rhizospheres of the two crop species, or to inoculation-induced changes in root 
exudation patterns or rhizodeposition which subsequently result in functional changes to 
associated rhizosphere populations. Since the results of the current study and the 
previous study have been unable to provide evidence of a correlation between net 
effects on nitrogen mineralisation and active microbial biomass or populations of 
fluorescent Pseudomonas spp., it is possible that attention needs to be focused on 
differences in microbial predator numbers or behaviour as a possible explanation for the 
differences observed between the two plant species. In addition to the activity of soil 
microflora, a significant role has been attributed to the soil microfauna in the 
mineralisation of organic nitrogen. Microbivorous organisms such as bacterial-feeding 
protozoa (Clarholm, 1985; Kuikman and Van Veen, 1989; Kuikman et al., 1990),
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nematodes (Freckman, 1988) and mites (Brussaard et ah, 1991) have been shown to 
affect mineralisation of organic nitrogen. They do this primarily by consuming bacteria 
and excreting excess N into the soil environment, thereby releasing inorganic N 
previously locked up in microbial biomass.
It is possible that the differential effects of inoculation with P. flnorescens strains on N- 
mineralisation in the rhizospheres of two different plant species could be caused by a 
modification to the microbial/faunal balance. This is investigated in Chapter 5.
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Effect of introduced Pseudomonas Jluorescens strains on microfauna 1 
populations associated with the rhizospheres of wheat and pea grown 
in sand soil amended with organic residues
Chapter 5
SUMMARY
Two microcosm studies were carried out to investigate the effects of inoculation of 
wheat (Triticum aestivum) and pea (Pisum sativum) with Pseudomonas fliiorescens 
strains F113 and F113G22, on microfaunal populations present in sand soil amended 
with organic residues.
The activities of the soil microfauna are known to have significant effects on the 
mineralisation of soil organic nitrogen. Therefore differences in microfaunal activity in 
the rhizospheres of wheat and pea may explain the previously observed differences in 
uptake of nitrogen derived from mineralised organic residues by the two plant species 
inoculated with these strains.
Numbers of nematodes and protozoa (ciliates, flagellates and naked amoebae) in the 
rhizospheres of wheat and pea plants were estimated 17 days after seeds were planted. 
It was found that inoculation with either strain FI 13 or FI 13G22 increased
nematode populations in the rhizosphere of pea as compared with non-inoculated 
controls. In addition, numbers of flagellates and naked amoebae were also increased in 
the presence of either strain in the rhizosphere of pea. In wheat, however, inoculation 
with FI 13 or F113G22 led to significantly smaller nematode populations as compared 
to non-inoculated controls, and the two Pseudomonas flnorescens strains had no 
significant effect on protozoan populations.
These data suggest that previously observed contrasting effects of Pseudomonas 
flnorescens strains on nitrogen mineralisation in the rhizospheres of wheat and pea 
(Chapters 3 and 4) may be due to plant-mediated effects on the soil microfauna. It is 
suggested that these differences in nematode numbers in response to plant inoculation 
are largely responsible for the changes in nitrogen mineralisation (Chapters 3 and 4). 
Increased numbers of bacterial-feeding microfauna will lead to increased predation of 
bacteria and thus to an increase in the release of microbially-immobilised nitrogen as 
well as an increase in bacterial activity, whilst a decline in microfaunal populations will 
result in less inorganic nitrogen becoming available for plant uptake and a less active
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microbial community.
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INTRODUCTION
The decomposition of organic matter and nitrogen mineralisation are microbially- 
mediated processes in soil. Microbial populations therefore have a significant effect on 
the availability of nitrogen, which is essential for plant growth. The effects of 
Pseudomonas fluorescem strains FI 13 and F113G22 on the uptake of nitrogen from 
mineralised organic residues have previously been investigated in microcosm studies 
using two different crop species. In pea (Chapter 3), results suggested that the 
mineralisation of organic residues was increased in the rhizosphere of plants inoculated 
with either strain. In wheat, however, (Chapter 4) it was found that the introduced 
strains inhibited the mineralisation of organic residues. In neither study were the 
obsei'ved effects correlated with FDA-active microbial biomass. It was therefore 
postulated that the observed effects on plant availability of mineralised nitrogen might 
be explained by effects on soil microfaunal populations resulting from the introduction 
of these strains into the rhizospheres of the two plant species.
In addition to the soil microflora, the soil biota also contains populations of 
invertebrates whose feeding activities affect the activities of the decomposer microflora, 
and regulate the flow of energy and nutrients within the detritus food web. The soil 
fauna have an important regulatory role in the processes of organic matter 
decomposition and nutrient cycling, through their influence on the composition and 
activity of soil microbial communities. The soil fauna affect microbial populations 
directly by feeding (grazing) on bacteria and fungi, and indirectly through the 
comminution of organic matter, dissemination of microbial propagules and alteration of 
nutrient availability. The total of all these below-ground interactions leads to the 
characteristic flow of energy and nutrients through the food web.
Of particular importance in these respects are the protozoa and nematodes. The roles of 
both protozoa and nematodes in soil systems have been summarised by Bardgett and 
Griffiths (1997) as follows:
(1) Regulation and modification of the size and composition of microbial communities 
(mediated by grazing on specific microbial populations).
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(2) Acceleration of the turnover of microbial biomass (directly by grazing) and organic 
matter (by removing old microbial biomass and thus providing new surfaces for 
microbial colonisation),
(3) Inoculation of new substrates by phoretic transport (i.e. microorganisms adhering to 
the surface of larger organisms) or excretion of viable microorganisms, and
(4) Direct excretion of excess nutrients from ingested microorganisms or other food 
sources.
In addition, there are examples of microbial grazing by microfauna leading to increased 
microbial activity (Darbyshire, 1972; Griffiths, 1989). Griffiths (1989) found 
nitrification in liquid culture was increased in the presence of bacteriophagous protozoa. 
Increasing the concentration of from 1 to 10 p,g ml'  ^ in the absence of protozoa 
did not increase nitrification, indicating that enhanced nitrification was due to the 
presence of protozoa rather than excretion of N H / by protozoa. Increases in the 
amounts of NO3 ' and NO2 did not coincide with similar increases in protozoa or 
ammonium oxidisers, suggesting that nitrification was enhanced as a result of greater 
activity of individual nitrifying bacteria rather than an increase in the number of 
nitrifiers.
The importance of both protozoa and nematodes in terrestrial ecosystems results mainly 
from their feeding activities, though the feeding activities of protozoa are still relatively 
poorly understood. The majority of protozoa are considered to feed on bacteria, 
although fungal feeders and predators of other protozoa have been identified. In 
addition there are some saprophytic protozoa which are able to absorb soluble 
compounds (Bardgett and Griffiths, 1997). Protozoa exert both direct and indirect 
effects on energy and nutrient flows in soil. The direct effect (excretion of excess 
nutrients) results from the fate of their ingested food. Clarholm (1985) and Griffiths 
(1994) have calculated that protozoa may excrete up to 60% of their ingested nutrients 
into the soil environment as plant- or microbially-available substrates.
Nematodes may also contribute substantially to nutrient cycling by the direct excretion 
of nutrients, by excreting up to 95% of the nitrogen they ingest (Sohlenius, 1990). The
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feeding habits of nematodes are better understood than those of protozoa, and 
nematodes are often classified into trophic groups based on their feeding habits by 
identifying characteristic mouthparts. As such they can be classified according to 
Yeates et a l (1993), as bacterial feeders, fungal (hyphal feeders), substrate ingestors, 
predators of soil animals such as protozoa and rotifers, unicellular eukaryotic feeders 
(algae), omnivores and plant parasites. In addition, there are also infective stages of 
animal parasites which live in soil.
A significant role has been attributed to the soil microfauna in the mineralisation of 
organic nitrogen. Microbivorous organisms such as protozoa (Clarholm, 1985; 
Kuikman and Van Veen, 1989; Kuikman et al., 1990) and nematodes (Freckman, 1988), 
which feed on bacteria, have been shown to increase the rates of mineralisation and 
consequently to increase plant nitrogen uptake (Clarholm, 1985; Ingham et at., 1985). 
Food web studies have demonstrated that soil micro- and mesofauna contribute up to 
30% of total net nitrogen mineralisation, mainly from the activities of microbial-feeding 
nematodes and protozoa (Hunt et al., 1987; Verhoef and Brussaard, 1990).
Grazing of bacteria by protozoa has been shown to enhance nitrogen mineralisation as 
measured by ammonium production in both liquid cultures (Sinclair et al., 1981; 
Griffiths, 1986) and in soil microcosms (Coleman et al., 1977; Woods et al., 1982). 
This may be due to the stimulation of bacterial activity of the remaining population as 
reported by Kuikman et al. (1990), to the direct excretion of ammonium derived from 
digestion of bacteria by protozoa (Sherr et al., 1983), or to the colonisation of new 
mineralisation sites. Nitrogen excreted into the environment can subsequently be 
assimilated by plants or other microorganisms, and the liberation of excess mineral N 
by protozoa is the commonest explanation for the increased nitrogen uptake by plants in 
the presence of protozoa (Zwart et al., 1994). However, in natural field soil it is perhaps 
most likely that increases in mineralisation arise as a result of the combination of all 
these factors.
In the current study, two experiments were carried out to investigate the effects of 
inoculation of wheat and pea with Pseudomonas Jluorescens strains FI 13 and F113G22
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on populations of protozoa and nematodes present in sand soil amended with organic 
residues. It is hypothesized that inoculation of the two host plants with F113 and 
F113G22 may result in changes in microfaunal population size, thus affecting the 
turnover of nitrogen in the rhizosphere.
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MATERIALS AND METHODS
Bacterial strains, host plants, culturing and inoculation of wheat and pea seeds were as 
described in Chapter 2 (Materials and Methods section). The sand soil was taken from 
the same site as described in Chapter 2 (Materials and Methods section), during the 
autumn of 1997, and stored as described previously.
Generation of organic residues
Organic residues were obtained by sowing 9 cm diameter plant pots containing 300 g 
sand soil with 50 wheat seeds each. Pots were watered daily with R.O. water and grown 
for 21 days in a plant growth room (Procema Ltd, Twickenham, UK) set to a 
temperature of 21°C and a photoperiod of 16 h.
Plant shoot material was removed and cut into segments approximately 1 cm in length 
before being dried at 70°C for 48 hours in a drying oven. Dried material was ground 
using a pestle and mortar and sieved through 250 jam mesh. Residues prepared in this 
way were stored at room temperature in sealed plastic bags until required. Organic 
residues were added at a rate of 1 g residue per 300 g soil.
Experimental systems
Tests were carried out in semi-enclosed microcosms as described in Chapter 2 
(Materials and Methods section). Three-hundred grams of coarsely sieved amended soil 
were added to each microcosm, giving a depth of approximately 3 cm and a bulk 
density of 1.57 g cm' .^ Inoculated seeds ( 8  per microcosm) were planted approximately 
1 cm below the soil surface and water content was adjusted to 25% of the maximum 
water holding capacity. Microcosms were subsequently transferred in a completely 
randomised design to a growth room (Procema Ltd, Twickenham, UK) set to a 
temperature of 21°C and a photoperiod of 16 h. Plants were grown for 17 days before 
sampling. Four replicates per treatment were used.
126
Chapter 5
Treatments
Experimental treatments were as follows:
Uninoculated pea + organic residues 
FI 13 inoculated pea + organic residues 
FI 13G22 inoculated pea + organic residues 
Uninoculated wheat + organic residues 
FI 13 inoculated wheat + organic residues 
F113G22 inoculated wheat + organic residues
Experimental techniques
Enumeration of fluorescent Pseudomonas spp. colonising roots
Fluorescent Pseudomonas spp. colonising roots were enumerated as described in 
Chapter 2 (Materials and Methods section), by plating onto P-1 media for the selective 
growth of Pseudomonas species producing fluorescent pigment (Katoh and Itoh, 1983) 
amended with X-gal. Data were log transformed and expressed as logio cfu per gram of 
root.
Enumeration of nematode populations in rhizosphere soil
Nematodes were extracted from soil using a modified version of Whitehead and 
Hemming's direct extraction of mobile nematodes (1965). Briefly, soil equivalent to 30 
g dry weight was sieved (mesh size 3 mm) and spread evenly over a single layer of 
paper tissue (Kimberly Clark) overlying a rectangular wire mesh (185 x 240 mm, mesh 
size 1 x 2  mm). Wire meshes were supported in rectangular plastic trays (185 x 240 
mm) with all but the outer 2 0  mm diameter cut away. Each tray was placed in the base 
of a circular plastic tray (diameter 270 mm) and sufficient R.O. water added (300 ml) 
until the soil rested on the water surface. Trays were left undisturbed for 24 hours at 
room temperature to allow mobile nematodes to swim out through the mesh into the 
water in the outer tray. Figure 5*1 illustrates the arrangement of nematode extraction 
trays. Water in the outer trays containing the extracted nematodes was subsequently
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circulated and poured into plastic funnels (150 mm diameter) attached to 10 cm lengths 
of tapped rubber tubing, and left for 24 hours to allow nematodes to settle out. After 
this time, the bottom 10 ml from each funnel were decanted into a conical-bottomed 
sterile plastic universal tube (Sterilin, UK) by opening the taps. Nematodes were 
stained by adding a few drops of Lugol’s iodine to each tube. Tubes were stored at 4°C 
for up to 76 hours before extracted nematodes were counted.
Figure 5.1 Schematic diagram of nematode extraction trays viewed from
above
Outer tray containing 
300 ml water
L jInner tray with most of base removed I -
Wire mesh supported 
in remaining base of 
tray
30 g soil 
spread 
evenly over 
single layer 
of paper 
tissue 
overlying 
wire mesh
Nematodes were enumerated by counting triplicate 1 ml subsamples from each replicate 
in a Sedgewick-Rafter cell (Graticules Ltd, Tonbridge, UK) at x 100 magnification 
using a Leitz Dialux microscope. Nematode numbers in each sample were expressed as 
numbers per gram of soil dry weight.
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Enumeration of protozoan populations in rhizosphere soil
Protozoan numbers were estimated using a modified version of the most probable 
number (MPN) technique as described by Darbyshire et al. (1974). From each replicate 
a 1 g soil sample (dry weight equivalent), was taken, consisting of soil closely adhering 
to the roots. Each sample was shaken at 150 rpm for 10 minutes with 5 ml sterile 1/100 
strength tryptone soya broth (Oxoid™, Unipath Ltd, Basingstoke, UK; Appendix 1) 
made up in modified N effs amoebae saline (Page, 1976; Appendix 1). From each 
suspension a two-fold dilution series was prepared in sterile 1/100 strength tryptone 
soya broth (in modified N effs amoebae saline), and 100 p.1 aliquots of each dilution 
were pipetted into eight replicate wells of a 96-well microtitre plate (Nunclon, 
Denmark). Microtitre plates were incubated in darkness at 20°C and wells examined 
every two days with an inverted microscope (Leica) for the presence or absence of 
ciliates, flagellates and naked amoebae. Members of each class were classified 
according to the presence of characteristic morphological features. The salient 
morphological features of naked amoebae, flagellates and ciliates are represented in 
Figures 5*2-5-4. Numbers of each class of protozoa were estimated for each plate 
using a most probable number table for two-fold dilution series (Fisher and Yeates, 
1963).
Statistical Analysis
Statistical analyses were carried out using SPSS for windows (SPSS Inc.). All data 
were analysed using one-way analysis of variance (ANOVA). Where more than two 
means were compared, significant differences between treatments were analysed using a 
test for Least Significant Difference (LSD).
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Figure 5-2 Salient features of a typical naked amoeba
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guide to the Collection, Isolation, Cultivation and Identification of Freshwater Protozoa. 
Culture Collection of Algae and Protozoa, Windermere, U.K.
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Figure 5-3 Salient features of typical flagellates
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to the Collection, Isolation, Cultivation and Identification of Freshwater Protozoa. 
Culture Collection of Algae and Protozoa. Windermere. U.K.
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Figure 5 4 Salient features of typical ciliates
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RESULTS 
Fluorescent Pseudomonas Populations
There were no significant differences in the numbers of indigenous or total fluorescent 
Pseudomonas spp. recovered from the roots of pea inoculated with F113 or F113G22 as 
compared to non-inoculated controls (Table 51). Furthermore, both strains F113 and 
FI 13G22 appeared to establish equally well on pea roots.
On wheat, there were no significant differences between the numbers of indigenous or 
total fluorescent Pseudomonas spp. isolated from the roots of inoculated and non- 
inoculated plants (Table 5*2). Both introduced strains established equally well (Table 
5-2).
Nematode Populations
The numbers of nematodes extracted were higher (P < 0 05) in the
rhizosphere of pea inoculated with either strain F113 or F113G22 as compared to non- 
inoculated controls (Table 5 3).
The number of nematodes extracted from rhizosphere soil of wheat plants inoculated 
with either strain FI 13 or F113G22 were significantly lower {P > 0*01) than the 
numbers extracted from the rhizosphere of non-inoculated plants (Table 5*4).
Protozoan Populations
In pea, the numbers of flagellates and naked amoebae cultured were more than twice as 
high from the soil surrounding roots of inoculated plants as compared to non-inoculated 
controls (Table 5 3).
In wheat, there were no significant differences in the numbers of protozoa (ciliates, 
flagellates or amoebae) isolated from the three treatments (Table 5*4).
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Table 51  Effect of introduced Pseudomonas flnorescens strains FI 13 
and F113G22 on populations of fluorescent Pseudomonas spp. 
isolated from the roots of pea. Plants were grown for 17 days in sand 
soil amended with organic residues at a rate of 1 g per 300 g soil. 
Control seeds were not inoculated, n = 4.
Treatment Introduced 
fluorescent 
Pseudomonas 
spp. (logiocfiig* 
root)
Indigenous 
fluorescent 
Pseudomonas 
spp. (logio cfu g ’ 
root)
Total fluorescent 
Pseudomonas 
spp. (logiocfug' 
root)
Control 6*78 6-78
F113G22 6-16 6-33 6-61
FI13 6‘17 6-55 6-71
P NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
Table 5-2 Effect of introduced Pseudomonas Jluorescens strains FI 13 
and F113G22 on populations of fluorescent Pseudomonas spp. 
isolated from the roots of wheat. Plants were grown for 17 days in 
sand soil amended with organic residues at a rate of 1 g per 300 g soil. 
Control seeds were not inoculated, n = 4.
Treatment Introduced 
fluorescent 
Pseudomonas 
spp. (logic cfii g ' 
root)
Indigenous 
fluorescent 
Pseudomonas 
spp. (logic cfu g ' 
root)
Total fluorescent 
Pseudomonas 
spp. (logio cfti g’’ 
root)
Control 7-33 7-34
F1I3G22 6-37 7-17 7-24
F113 6-49 7-28 7-35
P NS NS NS
§ Overall significance between treatments indicated by P  > 0-05 = NS.
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Table 5*3 Effect of introduced Pseudomonas fluorescens strains FI 13 
and F113G22 on populations of soil microfauna isolated from the 
rhizosphere of pea. Plants were grown for 17 days in sand soil 
amended with organic residues at a rate of 1 g per 300 g soil. Control 
seeds were not inoculated, n = 4.
Treatment Ciliates 
(number 
ciliates x 1 0  ^
g’* soil dry 
weiglit)
Flagellates 
(munber 
flagellates x 
W  g"' soil 
dry weiglit)
Amoebae 
(munber 
amoebae x 
W  g ‘ soil 
dry weight)
Nematodes 
(nematodes g ’ 
soil)
Control 2*44 1*89“ 3*54“ 2*9“
F113G22 2 * 8 6 4*00’’ 7*87^ 4*9“’’
F113 3*57 4*57*^ 8'5f 6 *2 ’’
P NS * * »
§ Overall significance between treatments indicated by P  > 0*05 = NS,
P  < 0*05 = '^. Different letters in superscript indicate significant
differences between treatments as determined by test for Least
Significant Difference (LSD).
Table 5*4 Effect of introduced Pseudomonas flnorescens strains FI 13
and F113G22 on populations of soil microfauna isolated from the
rhizosphere of wheat. Plants were grown for 17 days in sand soil
amended with organic residues at a rate of 1 g per 300 g soil. Control
seeds were not inoculated, n = 4.
Treatment Ciliates Flagellates Amoebae Nematodes
(nimiber (number (number (nematodes g ’
ciliates x 1 0 ^ flagellates x amoebae x soil)
g ’ soil dry 1 0  ^g’’ soil 1 0 '’ g ’ soil
weiglit) dry weight) dry weight)
Control 2*47 9*76 1 * 2 2 4*5“
F1I3G22 1*50 6*31 1*62 3*3’’
FI 13 2*09 8*87 1*09 2 *6 ’’
P NS NS NS **
§ Overall significance between treatments indicated by P > 0*05 = NS, 
P  < 0*05 = P  < 0*01 = Different letters in superscript indicate 
significant differences between treatments as determined by test for 
Least Significant Difference (LSD).
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DISCUSSION
In a previous study (Chapter 3), introduction of P.fluorescens strains F113 and 
F113G22 to the rhizosphere led to increased plant derivation of nitrogen from 
mineralised organic residues by pea. It was thus suggested that these strains increased 
the mineralisation of organic residues incorporated into soil, making more N available 
to the plant. Opposing results were obtained when strains FI 13 or F113G22 were 
introduced into the rhizosphere of wheat, which led to decreased plant derivation of 
nitrogen from mineralised organic residues (Chapter 4), suggesting decreased 
mineralisation of organic residues. Since these results were not correlated with 
microbial biomass, it was postulated that the observed effects may have been mediated 
by soil microfaunal populations
In the current study, both nematode and protozoan (naked amoebae and flagellates) 
populations were found to be larger in the rhizosphere of pea inoculated with either 
strain F113 or FI 13G22 as compared to non-inoculated controls. This suggests that the 
introduced strains may have provided (directly or indirectly) an additional nutrient 
source which could sustain a larger microfaunal population. Biomass, and therefore in 
most cases abundance, of bacterial- and fungal-feeding nematodes has been shown to 
reflect the preceding amount of microbial production (Sohlenius, 1990; Christensen et 
al., 1992), and has been found to be a better indicator of bacterial production than 
bacterial biomass measures per se (Andren et al., 1988). Direct measures of bacteria 
will not necessarily reflect their production if they are being heavily predated since 
standing stock may be moderated while turnover rate is high. The number of nematodes 
present however has been suggested to indicate the productivity of the below-ground 
system for bacteriophages (Freckman, 1988). These findings are relevant to the current 
studies where no correlation between nitrogen mineralisation and microbial biomass or 
fluorescent Pseudomonas population numbers was found, even where seeds had been 
inoculated with a large number of P.flnorescens cells. It would appear that the soil 
microfauna maintains microbial populations in the rhizosphere at a relatively constant 
size. Sohlenius (1990) investigating the influence of cropping system and nitrogen 
input on soil fauna and microorganisms suggested that the rather constant microbial
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biomass observed was a result of an adjustment in the grazing pressure of microbial- 
feeding animals to the level of microbial production.
Bacterial-feeding protozoa and nematodes have been shown to increase the 
concentration of ammonium in soil and in liquid culture due to grazing of bacteria 
(Coleman et a l, 1977; Sinclair et a l,  1981; Woods et a l, 1982; Griffiths, 1986). 
Removal of bacterial biomass by grazing leads to increased microbial activity 
(Darbyshire, 1972; Griffiths, 1989; Griffiths and Bardgett, 1997) and increased turnover 
of organic matter, whilst the digestion of microbial cells by the microfauna leads to 
excretion of excess ammonium or remineralisation of organic N. Larger populations of 
microfauna resulting in greater microbial predation will therefore lead to greater 
quantities of plant-available ammonium being released into the rhizosphere.
Both direct excretion of ammonium by the microfauna in the rhizosphere of pea, and 
increased bacterial activity and colonisation of new mineralisation sites by the 
remaining fluorescent Pseudomonas spp. (which are amongst the most significant 
bacterial mineralisers of organic matter in the natural environment [Palleroni, 1984]) 
and other decomposers, may therefore account for the observed increase in 
mineralisation of organic residues in the rhizosphere of pea (Chapter 3).
In contrast, nematode populations were lower in the rhizosphere of wheat inoculated 
with FI 13 or F113G22 as compared to non-inoculated controls, whilst protozoan 
populations were not significantly affected. A smaller nematode population in the 
rhizosphere of wheat may have led to a decrease in the quantity of ammonium excreted 
and therefore to a decrease in the amount of available for plant uptake. This would 
have led to a slower turnover of nitrogen in the rhizosphere of wheat, and may explain 
the decreased mineralisation of organic residues in the rhizosphere of wheat inoculated 
with FI 13 or F113G22 (Chapter 4).
The differences in microfaunal biomass between treatments could be due to specific 
rhizosphere effects associated with both plant species and inoculation. Since different 
plant species are known to differ in root exudation patterns and their associated
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microbial populations, it is perhaps not surprising that plant inoculation results in 
apparently different responses in different hosts. It is most likely that rhizosphere 
microbial populations are affected by differences in root exudate composition. 
Therefore, it is feasible that inoculation of different host plants with strains F113 and 
F113G22 elicits plant-specific changes in root exudation patterns. Depending on the 
exudate components involved and the physiological nature of the organism responding, 
the net effect of a rhizosphere interaction may be one of stimulating or inhibiting certain 
components of the rhizosphere community. In many cases, it is the availability of 
organic substances released by roots which increases population densities associated 
with the rhizosphere. Naseby and Lynch (Submitted) have found that inoculation of pea 
with strains F113 and F113G22 led to significant increases in the quantities of organic 
acids released by roots. It is possible that such increases may infer significant increases 
in the availability of compounds for microbial growth (Latour and Lemanceau, 1997) 
and solubilisation of soil nutrients such as phosphorus (Otani et ah, 1996). Increased 
microbial populations resulting from such increases in microbial substrates may 
therefore result in larger microfaunal populations and hence increased turnover of 
nitrogen. To date, there are no such quantitative data available for microbially-induced 
changes in root exudation for wheat. However, the current study, and the data of 
Naseby and Lynch (Submitted), suggest that increased root exudation may stimulate 
microbial growth in the rhizosphere of inoculated pea plants. Changes in exudation 
patterns of wheat by inoculation with FI 13 and F113G22 might well be different to 
those induced in pea. Inoculation of wheat with either FI 13 or F113G22 led to a 
significant reduction in nematode populations associated with their roots as compared 
with non-inoculated controls. It is therefore possible that inoculation of wheat with 
these strains may have led to a decrease in exudation of organic substances by the roots.
However, it is also possible, in relation to root exudation patterns, that inoculation of 
different host plants with strains FI 13 and F113G22 may have led to qualitative 
differences in root exudation. Such changes may affect the composition of the 
rhizosphere microbial community and in this way may explain the observed differences 
in microfaunal populations. Different bacteria vary in their ability to support the growth 
of protozoa (Singh, 1946) and nematodes (Sohlenius, 1968). It has been noted that
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amoebae are selective in the types of bacteria which they ingest (Singh, 1946), whilst 
nematodes ingest bacteria unselectively (Wood, 1973; Woombs and Laybourn-Parry,
1984). However, both demonstrate differences in growth rate when supplied with 
different bacteria. Optimum nematode population growth is often associated with the 
quality of food ingested. Thus the growth of populations of different bacterial-feeding 
nematodes will depend on the composition of the rhizosphere microflora, since different 
bacteria vary in their ability to support nematode growth. For example, Sohlenius 
(1968) cultured Diplogasteritus nndicapitatiis and Rhahditis maupasi on different 
bacterial species and found differences in growth of nematodes fed on the different 
bacteria. Escherichia coli, Proteus vulgaris and Bacillus megaterium supported dense 
populations of both nematode species, whilst other unidentified Bacillus spp. supported 
no nematode growth. Venette and Ferris (1998) also suggested that not all bacteria 
support the same rate of population growth of their grazers and that nematode species 
differ in their sensitivity to changes in food type and food availability. They carried out 
a study to quantify population growth rates of six bacterial-feeding nematode species 
across different isolates of soil bacteria. The nematode species Acrobeloides 
bodenheimeri, Acrobeloides buetschlii, Bursilla labiata, Caenorhabditis elegans, 
Cephalobus persegnis and Rhabditis cucumeris were all found to grow and reproduce 
on Bacillus megaterium spp.. Bacilluspolymyxa, Brevibactenum linens and Escherichia 
coli, with finite rates of population increase ranging from 12 3 d'^  for C.elegans feeding 
on B.polymyxa to 1.2 d'^  for A.bodenheimeri feeding on B.linens. The bacterial isolates 
did not have a consistent effect on all nematode species. The authors used the 
geometric mean of population growth rates of each nematode species on the different 
bacteria to provide an indicator of the sensitivity of different nematodes to changes in 
food type. In this way C.elegans was found to vary the most in population growth rate 
on different bacteria, A.bodenheimeri the least.
Bacterial feeding nematodes ingest food without mastication by drawing suspended 
bacteria or organic molecules into the oesophagus. Whilst members of the Rhabditidae 
family have been suggested to feed non-selectively, members of the Cephalobidae 
family, for example, may utilise probolae to restrict the size of food entering the buccal 
cavity. Thus the size of microbial prey partially determines which bacterial species can
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sustain nematode growth. The only isolate in their study which was unable to support 
the growth of any nematode species was Sti'eptomyces halstedii scabies, which, like 
other actinomycetes, has a filamentous growth form. The length of a filament was 
typically much greater than the width of the stoma of C.elegans, which has the widest 
stoma of the nematode species tested and does not utilise probolae. It was suggested 
therefore that actinomycetes were unlikely to be ingested by any nematode species 
(Venette and Ferris, 1998), Once bacteria are ingested, cuticularized plates in the 
posterior pharangeal bulb may crush larger particles as the material is passed into the 
intestine. Enzymes are also secreted in the pharynx and intestine to aid digestion of 
carbohydrates, proteins and fats. Nevertheless, Chantano and Jenson (1969) have 
reported that up to 30-60% of the ingested bacteria may be defecated as viable cells. 
Consequently the recalcitrance of a bacterium may be another factor which affects its 
nutritive value for nematodes. Since soil nematodes are presented with a mixed 
bacterial flora in the rhizosphere, and since there appears to be no mechanism for 
separating bacterial types during feeding, it follows that changes in the composition of 
the rhizosphere microflora may lead to changes in nematode population growth rates. 
Some bacteria or bacterial metabolites may even be toxic to certain species of 
nematodes. For example, Dévidas and Rehberger (1992) found than the exotoxin 
produced by Bacillus thuringiensis was highly toxic to Caenorhabditis elegans.
Whilst total numbers of fluorescent Pseudomonas species in the rhizospheres of both 
wheat and pea were unaffected by inoculation with strains FI 13 and F133G22, 
microbi ally “induced changes to root exudation patterns may have altered the metabolic 
profile of associated microbial populations. The effects of microorganisms on both the 
quantity and quality of root exudates released were discussed in Chapter 1. Further 
studies by Grayston et al. (1998) have provided evidence that differences in root 
exudate composition are responsible for observed differences in carbon source 
utilisation by rhizosphere microbial populations. In essence, the type and density of 
microorganisms present in the rhizosphere may account for the differences in 
microfaunal populations by supporting different levels of microfaunal population 
growth.
Plant-species effects on nematode populations have previously been found by Griffiths
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(1990), who found that nematode biomass was greater under peas than under barley. 
The finding that fertilisation increased the biomass of nematodes supported by barley 
led Griffiths (1990) to suggest that the differential effect of plant species could be due to 
quantitative as well as qualitative differences in their root exudate.
Direct effects of rhizodeposits or root exudates on nematodes themselves may offer 
alternative explanations for the observed population effects. Root influence on 
nematodes has largely been studied in relation to egg-hatching reactions to substances 
in the rhizosphere and the congregation of larvae (especially of plant parasitic 
nematodes) around roots. The occurrence of egg-hatching factors was first reported in 
1930 (O’Brien and Prentice, 1930), but to date no egg-hatching factors have been 
chemically characterised. Several authors have found that root exudates of both host 
and non-host plants can stimulate the hatching of cyst nematodes (Hashmi and 
Krusberg, 1995; La Mondia, 1995; Wang et al., 1997). The attraction of nematode 
larvae to roots was noted nearly 60 years ago (Linford, 1939), though attraction 
mechanisms have yet to be fully elucidated. It is now known that plant roots attract 
both parasitic and non-parasitic nematodes (Henderson and Katznelson, 1961). 
Attraction of various nematode species to plant roots has been attributed to several 
chemicals under various experimental conditions. These include CO2 , gibberellic acid 
and tyrosine, which may come directly from roots or emanate from areas of high 
bacterial activity (Curl and Truelove, 1986).
In addition to attraction of nematodes, repulsion of nematodes has also been observed, 
though mechanisms of repulsion or inhibition of soil nematodes are even less well 
understood than those of attraction. However, there are many examples of specific 
plants producing compounds toxic to nematodes. For example, asparagus {Asparagus 
qffjcinalis) produces a glycoside which is highly deleterious to plant-parasites even at 
low concentrations (Rohde and Jenkinson, 1958). Many studies have also looked at 
marigold {Tagetes spp.), which produces amongst other active compounds, a-terthienyl, 
which has exhibited strong nematicidal activity against a range of plant-pathogens and 
the bacterial-feeding nematode Caenorhabditis elegans (Akhtar and Mahmood, 1994). 
White and black mustards {Brassica hirta and Brassica nigi'a) have demonstrated
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nematicidal activities due to the presence of allyl isothiocyanates in root diffusâtes 
(Ellenby, 1945). Several other examples (See Akhtar and Mahmood, 1994) describe the 
nematicidal effects of specific compounds isolated mainly from horticultural crops on 
specific nematode species. However, the literature is somewhat lacking in specific 
examples from agricultural crops. Nevertheless, it would appear that such effects are 
plant species specific, and that therefore changes in plant production of compounds 
toxic to soil nematodes in response to plant inoculation is a possible explanation for the 
changes in nematode population size in the rhizospheres of wheat and pea. Seeds of 
both wheat and pea are known to release gaseous and volatile compounds during the 
water-imbibing and germination stage, some of which may be harmful to nematodes. 
Vancura and Stotzky (1976) found germinating seeds and seedlings of pea liberated 
ethanol, methanol, formaldehyde, acetaldehyde, propionaldéhyde, formic acid, acetone, 
ethylene and propylene. Other species investigated (pine, bean, com, cotton, cucumber) 
also released some or all of these compounds in varying concentrations. Studies on 
wheat have demonstrated the evolution of acetaldehyde from root exudates (Nance and 
Cunningham, 1951; Plhak and Urbankova, 1969).
Having compared the effects of inoculation with the Pseudomonas fluorescens strains in 
two crop species, the importance of testing potential bio control agents on a range of 
crops becomes very apparent. The fact that seemingly contrasting effects are found in 
the two plant species tested is important, and it is apparent that the changes to soil 
nitrogen cycling may be explained by changes in the soil microfaunal populations. 
However, it is perhaps also important to bear in mind that the mechanisms resulting in 
these population changes may also be different from one another, and that there may not 
be a single unifying explanation for both plant species. Further, the terms ‘nematode’ 
and ‘protozoa’ tend to oversimplify the nature of these populations. There are many 
different species of both nematodes and protozoa, with widely differing biological 
strategies. Feeding, movement and reproduction are three such factors which vary 
greatly between species.
Nevertheless, the results of these studies provide evidence that previously observed 
effects of plant inoculation with Pseudomonas fluorescens strains F113 and F113G22
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on nitrogen mineralisation (Chapter 3, Chapter 4) were due to changes in soil 
microfaunal populations. They also suggest that the impact of soil nematodes on 
nitrogen cycling was greater than that of protozoa, at least in the case of wheat. 
Griffiths (1990) compared the biomass of protozoa with that of microbial-feeding 
nematodes in the rhizospheres of pea, barley, grass and turnip, and found that the 
biomass of microbial-feeding nematodes exceeded that of protozoa in all the plant 
species investigated. It was therefore suggested that nematodes are more important in 
terms of nutrient cycling than protozoa. This may be especially so in the case of 
nitrogen, since although protozoa may excrete up to 60% of the N ingested (Clarholm, 
1985), in bacterial-feeding nematodes up to 95% of the N they ingest is not used in 
production but is excreted into the soil environment (Griffiths and Bardgett, 1997). 
This N is directly biologically available, usually in the form of ammonium-N, though 
nematodes can excrete up to 50% as amino acid-N (Anderson et al., 1983). Thus the 
turnover of N is likely to be greater where nematode grazing predominates. Further, 
this turnover of nitrogen is likely to be most influenced by the grazing activity of 
bacterial-feeding nematodes. Indeed, Ingham et al. (1985) found that the addition of 
bacterial-feeding nematodes to gnotobiotic soil microcosms inoculated with bacteria 
lead to increased grovyth and nitrogen uptake by blue grama grass due to increased 
mineralisation by bacteria and excretion of by nematodes. Addition of fUngal- 
feeding nematodes to microcosms inoculated with fungi did not increase plant growth 
or N-uptake since these nematodes excreted less than the bacterial-feeding
nematode populations.
However, it is important to note that there are several problems associated with the 
methodology used to determine protozoan numbers which make these estimates less 
reliable than those of nematodes extracted from soil. Firstly, MPN estimates in general 
have a low order of precision (De Man, 1975). The MPN is the midpoint of a range of 
most likely values rather than an exact number. Secondly, the method does not 
discriminate between active and inactive (or cystic) forms of protozoa. When 
calculations and assumptions relating to protozoan numbers or biomass are made, it is 
essential to consider that protozoa in soil are, in general, found as resting and inactive, 
cystic stages (Singh and Crump, 1953). Cutler (1920) developed a method to try and 
assess the number of active protozoa by calculating the difference between total
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numbers of protozoa and numbers of cystic protozoa. The method involved killing the 
active protozoa in soil by exposure to 2% HCl and calculating the number of active 
protozoa as the difference between the total number in untreated soil (active + cystic) 
and the number of protozoa in soil treated with HCl (cystic). The precision of this 
method however is also debatable, since it has been found that HCl treatment may kill 
some of the cysts (Foissner, 1987), leading to over estimation of the number of active 
protozoa in soil.
Further contention surrounds the choice of growth media and food source for protozoan 
enumeration from soil. Singh (1946) suggested that due to the selectivity of protozoan 
feeding on specific bacteria, no nutrient medium which encourages the growth of 
bacteria is reliable for use in MPN methods for estimating numbers of protozoa from an 
environmental sample containing a mixed bacterial population. Nutrient media may 
induce growth of bacteria which are inedible by protozoa or even toxic to them (Singh, 
1946). The fact that many authors have indeed obtained different estimates of 
protozoan numbers from the same sample by using different nutrient media (e.g. soil 
extract, hay infusion, nutrient broth, tryptone soya broth) can probably be attributed to 
the selective encouragement of different bacterial species by the different media (Singh, 
1946). To circumvent this problem, several authors have subsequently used a non­
nutrient substrate and a food source consisting of a pure culture of a suitable edible 
bacterium as determined by feeding tests (Sinclair and Ghiorse, 1987; Brussaard et al., 
1990). However, this method seems inappropriate for estimating differences in the 
numbers of protozoa between treatments which involve the addition of specific inocula, 
since it may be precisely these differences in the microflora which are responsible for 
any changes in protozoan populations. In the current study, a nutrient medium (1% 
tryptone soya broth) was used with the cultivated associated microflora acting as food 
source. To date, there have been no major breakthroughs in the enumeration of 
protozoa. Consequently, despite their limitations, the methods used today are still 
largely based on those used by Cutler in the 1920s and Singh and co-workers in the 
1940s, which provide only a statistical estimate of the number of protozoa within a 
given sample.
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In summary, the results of this study have indicated that plant inoculation with 
P.fluorescens F113 or F113G22 leads to changes in nematode populations which may 
lead to changes in nitrogen mineralisation in the rhizosphere. This effect may involve 
all classes of nematodes to varying degrees. Excretion of ammonium into the 
rhizosphere will result from the digestion of food by all types of nematodes - the 
microbivores, predators and even plant parasites, though the amounts of N excreted will 
be governed by the C/N ratio of the food ingested. Similarly, inoculation of new 
substrates as a result of phoretic transport or excretion of viable microorganisms will be 
species independent, microorganisms adhering to the surface of nematodes or to other 
substrates will be transported through the soil or through the nematode digestive system 
to new sites. However it the activities of the microbivores, and particularly the 
bacterial-feeding nematodes, which perhaps have the biggest influence on nitrogen 
mineralisation by consuming large numbers of bacteria and releasing microbially- 
immobilised N and stimulating bacterial activity. In the following chapter, the 
influence of plant inoculation on populations of a typical bacterial-feeding nematode are 
investigated.
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Effects of inoculation of wheat and pea with Pseudomonas fluorescens 
strains FI 13 and FI13G22 on populations of the nematode 
Caenorhabditis elegans introduced into sand
Chapter 6
SUMMARY
The effect of inoculation of wheat {Triticum aestivum) and pea {Pisnm sativum) with 
Pseudomonas fluorescens strains F113 and F113G22, on populations of the introduced 
bacterial-feeding nematode, Caenorhabditis elegans, were investigated in sterile sand 
microcosms inoculated with a mixed, unidentified soil bacterial community after 17 days. 
In addition, the short term (24 hour) survival of C.elegans in the presence and absence of 
inoculated and non-inoculated pea and wheat seeds was investigated in small-scale sand 
systems.
Previous microcosm studies have shown that inoculation of seeds with either strain F113 
or F113G22 led to a significant increase in total nematode numbers in the rhizosphere of 
pea and a significant decrease in nematode numbers in the rhizosphere of wheat (Chapter 
5) as compared to non-inoculated controls.
The results of the current studies showed that in the rhizosphere of pea, the numbers of 
C.elegans were up to 200 times greater after 17 days where seeds had been inoculated 
with either strain F113 or F113G22 as compared to non-inoculated controls. In wheat, 
however, it was found that numbers of C.elegans were approximately six times lower 
where seeds had been inoculated with either strain F113 or F113G22 as compared to 
non-inoculated controls.
These data exaggerate the trends observed for populations of free-living soil nematodes 
extracted in previous soil microcosm studies. It is therefore suggested that previously 
observed effects on natural communities of nematodes are most likely due to changes in 
the bacterial-feeding populations of nematodes. The low numbers of nematodes 
extracted from non-inoculated pea microcosms suggest that survival of the introduced 
nematode is low in the rhizosphere of pea, with numbers recovered from microcosms 
being lower than the total numbers introduced.
Indeed, in the small-scale sand systems it was found that survival of C.elegans in the
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presence of non-inoculated germinating pea seeds was significantly lower than the 
survival of C.elegans introduced into unamended sand or sand containing germinating 
pea seeds inoculated with either strain FI 13 or FI 13G22.
It is suggested that germinating pea seeds have a negative effect on the survival of 
C.elegans and that this effect is reduced by inoculation of pea seeds with either 
Pseudomonas fluorescens strain. This may be due to the release of nematicidal seed 
exudates by non-inoculated seeds which may be utilised by the Pseudomonas fluorescens 
strains on inoculated seeds.
There were no significant effects of germinating wheat seeds (inoculated or non- 
inoculated) on the short-term survival of C.elegans. It is therefore suggested that effects 
of F113 and F113G22 on C.elegans growth in sand may be mediated at a later stage of 
wheat growth.
148
Chapter 6
INTRODUCTION
Inoculation of wheat and pea with Pseudomonas fluorescens strains F113 and F113G22 
has been shown to influence the population dynamics of free-living soil nematodes. 
Previous microcosm studies (Chapter 5) found that inoculation of pea with either strain 
F113 or FI 13G22 resulted in an increase in nematode numbers as compared to
non-inoculated controls, whilst inoculation of wheat with either strain led to a significant 
decrease in nematode numbers. Such effects on the soil microfauna may explain the 
observed changes in plant availability of nitrogen from mineralised organic residues 
(Chapter 3; Chapter 4), since members of the soil microfauna are known to make a 
significant contribution to the mineralisation of organic nitrogen (Hunt et a l, 1987; 
Verhoef and Brussaard, 1990).
It is most likely that the bacterial-feeding nematodes play a significant role in stimulating 
or inhibiting nitrogen mineralisation in the rhizosphere due to their consumption of 
bacteria with the release of microbially-immobilised N and the stimulation of activity of 
the remaining bacterial populations. In order to further characterise the effects of 
inoculation of different host plants with Pseudomonas fluorescens strains F113 and 
F113G22, on nematode populations, the bacterial-feeding nematode Caenorhabditis 
elegans was used as a model organism. In the current studies, simple sand microcosm 
systems and smaller-scale sand systems were used to monitor the population growth and 
short-term survival of the introduced nematode C.elegans in the presence of seeds 
inoculated with F113 and FI 13G22.
Caenorhabditis elegans is a small, free-living soil nematode found commonly in many 
parts of the world (Wood, 1988). Adult worms are approximately 1-1*5 mm in length, 
and can be distinguished into two sexes, hermaphrodites and males. Hermaphrodites 
produce both oocytes and sperm and can reproduce by self-fertilisation. Males, which 
arise spontaneously at low frequency, can fertilise hermaphrodites but hermaphrodites 
cannot fertilise each other. Each fertilised worm can lay up to 300 eggs. Juvenile worms 
hatch and develop through four stages (J1-J4) punctuated by moults. Each larval stage
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is characterised by a different cuticle structure. The mature adult emerges from the 
fourth moult and is fertile for about four days, and lives for a further 10-15 days after 
this. The growth stages of C.elegans are illustrated in plate 6*1, Under starvation, a 
developmentally arrested stage, the dauer larvae, can occur as an alternative third larval 
stage.
Caenorhabditis elegans feeds primarily on bacteria and completes its life-cycle in 
approximately three days under optimal conditions. Populations are easily maintained in 
the laboratory where they can be grown on agar plates or in liquid culture with 
Escherichia coli as a food source. Caenorhabditis elegans has been extensively used as 
a test organism for the investigation of a number of biological processes such as cell 
differentiation, sex determination and ageing (Hodgkin and Doniach, 1997). Much 
research has been carried out since the initial investigations on the molecular genetics of 
tliis organism (Brenner, 1974), and consequently, there is an extensive body of 
knowledge on C.elegans. Its structure, development and genome are all sufficiently 
simple to permit exhaustive descriptions (Hodgkin and Doniach, 1997). However, 
information on its natural ecology and interactions with other members of the soil biota is 
scarce. Since C.elegans is a typical soil bacterial-feeding nematode, it might provide an 
ideal test organism for studying the effects of plant inoculation with P.fluorescens strains 
FI 13 andF113G22.
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Plate 61 Growth stages of Caenorhabditis elegans 
A - Egg, B - J l ,  C - J2, D - J3, E - J4. Bar = 50 p.m. F - Young adult. Bar = 150 |xm.
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MATERIALS AND METHODS
Bacterial strains and culturing and inoculation of wheat and pea seeds were as described 
in Chapter 2 Materials and Methods section.
Culturing of Caenorhabditis elegans
Caenorhabditis elegans var. Bristol, strain N2 (Brenner, 1974) was obtained from the 
Laboratory of Molecular Biology, Cambridge, UK. The origin and history of this isolate 
are described by Hodgkin and Doniach (1997),
Nematodes were maintained on 9 cm diameter nutrient agar (Oxoid™, Unipath Ltd, 
Basingstoke; Appendix 1) plates inoculated with 0 1 ml late log-phase culture of 
Escherichia coli DH5a. Plates were incubated at 20“C, and nematodes were allowed to 
grow until the food source was almost exhausted before being transferred onto fresh 
plates. For this purpose, a 01 ml suspension of nematodes (from a surface wash of 1 ml 
sterile R.O. water) was added to each fresh nutrient agar plate inoculated with E.coli 
DH5a as described above. Plates were subsequently incubated at 20°C for four days.
Nematodes were collected for addition to microcosms by washing the surface of each 
agar plate with 30 ml sterile R.O. water. One millilitre of suspension, estimated to 
contain approximately 280 nematodes in the ratio 2:1 juveniles to adults, was added to 
each microcosm by ejecting the contents of a pipette tip below the planted sand surface.
For addition to small-scale sand systems, nematodes were harvested by washing the 
surface of each plate with 10 ml sterile R.O water and transferring into a sterile universal 
bottle. Aliquots of 0*5 ml of suspension containing approximately 300 nematodes in the 
ratio 2:1 juveniles to adults were added to each system.
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Sand Microcosm Experiment 
Experimental systems
The microcosm study was carried out in microcosms as described in Chapter 2 
(Materials and Methods section). Coarse sand, particle size > 1 mm (Adrian Hall Ltd, 
Feltham, UK) was acid-washed by soaking in 2% H2 SO4  solution for two hours and 
rinsing thoroughly with tap water. Dried sand was sterilised by autoclaving 300 g 
portions at 121“C, 15 p.s.i for 15 minutes. Three hundred grams acid-washed autoclaved 
sand were added to each microcosm, giving a depth of approximately 3-5 cm. Pea or 
wheat seeds (8 per microcosm) inoculated with P.fluorescens FI 13 or F113G22, or 
uninoculated seeds, were planted at a depth of approximately 1 cm below the sand 
surface. Forty ml plant nutrient solution, modified from Lynch and White (1977), were 
added to each microcosm. The nutrient solution contained the following components (g 
r^): Ca(N0 3 )z 0-370, KNO3 0-758, KH2PO4 0-204, MgS0 4 -7 H2 0  0-461, NaNOs 0-255, 
Ferric EDTA 0-0053, H3BO3 0-00085, CUSO4 5 H2 O 0-00006, KCl 0-00158, 
MnSO4-4H20 0-01215, (NH4 )6Mo7O2 4 *H2 0  0-00003, ZnS0 4 *7 H2 0  0-00033. Soil 
bacterial inoculum was added as described below.
Microcosms were subsequently transferred in a completely randomised design to a 
growth room (Procema Ltd, Twickenliam, UK) set to a temperature of 21“C and a 
photoperiod of 16 h. A further 10 ml water were added to each microcosm after 7 days 
growth. Plants were grown for 17 days before sampling. Four replicates per treatment 
were used.
Preparation o f Soil Bacterial Inoculum
A mixed, unidentified culture of bacteria was isolated from Wobum sand soil as follows. 
Soil was taken from the same site as described in Chapter 2 (Materials and Methods 
section), in the autumn of 1997 and stored as previously described (Chapter 2). Plant 
pots (9 cm diameter) containing 300 g soil each were incubated at 21”C for 48 hours 
following adjustment of water content to approximately 25% maximum water holding 
capacity. One-gram samples were subsequently taken and shaken in 9 ml sterile 1/4
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strength Ringer’s solution on a vortex mixer (Fisons, Loughborough, UK), for two 
minutes and 10-fold dilution series were prepared in sterile 1/4 strength Ringer's solution. 
Aliquots of 01 ml of the 10"* dilution were spread-plated onto 10% tryptone soya agar 
(Oxoid™, Unipath Ltd, Basingstoke, UK; Appendix 1) plates and incubated at 25“C for 
four days. After this time, the surface of one of the agar plates chosen at random was 
flooded with 10 ml sterile 1/4 strength Ringer’s solution, and the bacterial colonies 
brought into suspension with a sterile disposable spreader. Aliquots of 01 ml of this 
suspension were used to inoculate 250 ml flasks containing 100 ml of sterile 10% 
tryptone soya broth (Oxoid™, Unipath Ltd, Basingstoke; Appendix 1). Inoculated 
flasks were shaken at 25“C on a rotary shaker at 150 rpm. After 24 hours, 20 ml aliquots 
of bacterial culture were centrifuged at 4000 x g  for 15 minutes and the bacterial pellet 
used to inoculate Protect® Bacterial Preservers (Technical Service Consultants Ltd, 
Heywood, Lancashire, UK) for storage at -80”C.
For introduction into sand microcosms, flasks containing 100 ml 10% tryptone soya 
broth were inoculated with one plastic bead taken from a Protect® Bacterial Preservers
vial, and incubated at 25“C in a shaking incubator set to 150 rpm. Aliquots of 20 ml of
bacterial culture in late log phase (as determined by optical density) were centrifuged at 
4000 X g for 15 minutes. Cells were subsequently washed with 10 ml sterile 1/4 strength 
Ringer’s solution and centrifuged again at 4000 x g  for 15 minutes. The resulting 
bacterial pellet from each 20 ml culture was resuspended in 10 ml sterile 1/4 strength 
Ringer’s solution and 1 ml used to inoculate each microcosm. This introduction was 
equivalent to 2*2 x 10® cfu per ml suspension or 7*3 x 10^  cfu per g sand.
Treatments
Experimental treatments for microcosm tests are listed below. Approximately 280 
C.elegans individuals and 2 x 10® cfu soil bacteria were introduced to each microcosm.
Eight uninoculated pea seeds + C.elegans + soil bacteria 
Eight FI 13 inoculated pea seeds + C.elegans + soil bacteria 
Eight FI 13G22 inoculated pea seeds + C.elegans + soil bacteria
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Eight uninoculated wheat seeds + C.elegans + soil bacteria 
Eight F113 inoculated wheat seeds + C.elegans + soil bacteria 
Eight FI 13G22 inoculated wheat seeds + C.elegans + soil bacteria
Enumeration o f total bacteria colonising roots
Plants were extracted from sand microcosms and root systems rinsed in tap water. 
Excess water was removed from roots by blotting with filter paper. One gram samples, 
representative of the whole root system, were cut into segments less than 1 cm in length 
and were ground in 9 ml sterile 1/4 strength Ringer's solution (Oxoid™, Unipath Ltd, 
Basingstoke, UK) using a surface sterilised mortar and pestle. From these root mashes, 
10-fold dilution series were prepared in sterile 1/4 strength Ringer's solution, and 0 1 ml 
aliquots spread-plated onto 10% Tryptone Soya agar and incubated at 25“C for 5 days. 
Ten percent TSA is a relatively nutrient-poor medium, and in comparison with other 
media has been shown to give the highest number of colonies in isolations from soil 
(Martin, 1975).
Enumeration o f fluorescent P seudom onas spp. colonising roots 
Fluorescent Pseudomonas spp. colonising roots were enumerated as described in 
Chapter 2 (Materials and Methods section), by plating onto P-1 medium for the selective 
growth of Pseudomonas species producing fluorescent pigment (Katoh and Itoh, 1983) 
amended with X-gal.
Extraction and enumeration o f C .elegans populations from sand microcosms 
Nematodes were extracted from sand microcosms using a modified version of Whitehead 
and Hemming’s direct extraction of mobile nematodes, as described in Chapter 5 
(Materials and Methods section). Nematodes were enumerated by counting triplicate 1 
ml subsamples from each replicate in a Sedgewick-Rafrer cell (Graticules Ltd, 
Tonbridge, UK) at x 100 magnification using a Leitz Dialux microscope. Data were log 
transformed and expressed as logio nematodes per 300 g soil.
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Surv ival o f C. elegans 
Expetimental systems
Small-scale survival tests were carried out in glass universal bottles. Coarse sand/gravel 
particle size > 3 mm (Adrian Hall Ltd, Feltham, U.K) was acid washed by soaking in 2% 
H2 SO4 solution for 2 hours and rinsing thoroughly with tap water. Dried sand (10 g) 
was weighed into universal bottles and two pea seeds or 15 wheat seeds (approximately 
equal weights) previously imbibed for 24 hours in 1/4 Ringer’s solution or a suspension 
of FI 13 or F113G22 were added to each of the bottles except controls. A further 5 g 
acid-washed sand was added to each bottle. Nematodes were added to each bottle using 
a pipette, and 2 ml of sterile R .0 water were subsequently added to each bottle. Bottles 
were capped and left at 22"C for 24 hours. Three replicates per treatment were used.
Treatments
Experimental treatments for small-scale sand systems are listed below. Approximately 
300 C.elegans individuals were introduced into each bottle containing 15 g sand.
Control (No seeds) + C.elegans 
Two non-inoculated pea seeds + C.elegans 
Two FI 13 inoculated pea seeds + C.elegans 
Two FI 13G22 inoculated pea seeds + C.elegans
Control (No seeds) + C.elegans 
Fifteen non-inoculated wheat seeds + C.elegans 
Fifteen FI 13 inoculated wheat seeds + C.elegans 
Fifteen FI 13G22 inoculated wheat seeds + C.elegans
Extraction and enumeration o f  C .elegans introduced into small-scale sand systems 
After 24 hours, 10 ml R .0 water were added to each tube and bottles inverted six times 
to separate nematodes from the sand. The water containing the nematodes from each 
tube was immediately decanted into a sterile plastic conical-bottomed universal bottle.
156
Chapter 6
Bottles were left at room temperature for at least 30 minutes before counting to allow 
reversal of any volatile-induced anaesthesia (Morgan and Sedensky, 1995). Since wild- 
type C.elegans normally moves continuously, changes in mobility are unambiguous and 
quantifiable (Eckenhoff and Yang, 1994). One hundred nematodes fi*om each bottle 
were examined in a Sedgewick-Rafter cell (Graticules Ltd, Tonbridge, U.K) at x 100 
magnification using a Lietz Dialux microscope and classified as living (moving or 
responsive to physical stimulus) or dead (immobile). Any nematodes showing signs of 
decomposition were not included in counts as these were assumed to have been dead 
prior to the start of the trial. Data were expressed as percentage survival.
Statistical Analysis
Statistical analysis was carried out using SPSS for Windows (SPSS Inc.). All data were 
analysed using a one-way analysis of variance (ANOVA). Where more than two means 
were compared, significant differences between treatments were analysed using a test for 
Least Significant Difference (LSD).
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R E SU L T S
Sand M icrocosm  E xperim en t
Total bacterial populations colonising the roots o f microcosm-grown pea and wheat 
Total bacterial populations, as estimated by culture on 10% TSA plates, were not 
significantly different between treatments in pea (Table 6 1) or wheat (Table 6-2).
Fluorescent P seudom onas Populations
Pseudomonas fluorescens strains FI 13 and F113G22 established equally well in the 
rhizosphere of pea, establishing at numbers around 7-6-8-0 logio cfu per gram root 
(Table 61).
Fewer /acZY-negative fluorescent Pseudomonas spp. were isolated fi'om the roots of 
pea plants inoculated with either strain FI 13 or F113G22 as compared to uninoculated 
controls {P < 0 01), but overall there were no significant differences between the total 
number of fluorescent Pseudomonas spp. isolated from non-inoculated plants and those 
inoculated with strains FI 13 or FI 13G22 (Table 61).
In wheat, both strains FI 13 and FI 13G22 established equally well at around 7-9 logio cfu 
per gram root (Table 6-2). Again, fewer /acZY-negative fluorescent Pseudomonas spp. 
were isolated from roots of plants inoculated with either strain FI 13 or F113G22 (P < 
0*01), though total fluorescent Pseudomonas populations were not significantly different 
between treatments (Table 6-2).
Nematode populations extracted from  sand microcosms
The number of C.elegans individuals extracted from sand planted with pea inoculated 
with either strain FI 13 or FI 13G22 were up to 200 times greater (P < 0-01) than those 
extracted from non-inoculated controls (Table 6-1).
Nematode numbers were approximately six times lower (P < 0-01) in the treatments
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where wheat plants were inoculated with Pseudomonas fluorescens strain F113 or 
F113G22 as compared to non-inoculated controls (Table 6-2).
Sui-vival o f C. elegans
Survival of C.elegans introduced into sand containing non-inoculated pea seeds was 
significantly (P < 0*001) lower than survival of nematodes introduced into the 
unamended sand control (Table 6 3). Survival of C.elegans introduced into sand 
containing pea seeds inoculated with either strain FI 13 or F113G22 was comparable to 
survival in unamended sand (Table 6*3).
Survival of C.elegans introduced into sand containing non-inoculated wheat seeds was 
no different to survival in sand alone or in sand amended with FI 13- or F113G22- 
inoculated wheat seeds (Table 6*4).
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Table 6*3 Survival of introduced Caenorhabditis elegans in sand after 24 
hours in the presence or absence of germinating pea seeds. Systems 
contained sand alone (control) or sand plus two pea seeds imbibed for 24 
hours in 1/4 Ringer’s solution (non-inoculated) or a suspension of 
Pseudomonas fluorescens strain F113 or F113 G22. n = 3.
Treatment Percentage Survival
Control 82.7"
Non-inoculated 71.3°
FI 13 84.7"
F113G22 84.3"
■p * * *
§ Overall significance between treatments indicated by P < 0.001 = ***. 
Different letters in superscript indicate significant differences between 
treatments as determined by test for Least Significant Difference (LSD).
Table 6*4 Survival of introduced Caenorhabditis elegans in sand after 24 
hours in the presence or absence of germinating wheat seeds. Systems 
contained sand alone (control) or sand plus fifteen wheat seeds imbibed 
for 24 hours in 1/4 Ringers solution (non-inoculated) or a suspension of 
Pseudomonas fluorescens strain F113 or FI 13 G22. n = 3.
Treatment Percentage Survival
Control 55.0
Non-inoculated 60.7
F1I3 61.3
F113G22 61.7
P NS
§ Overall significance between treatments indicated by P > 0.05 = NS.
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DISCUSSION
One of the primary aims of this study was to determine if inoculation effects with 
P.fluorescens strains FI 13 and F113G22 on the nematode community in natural soil 
(Chapter 5) could be repeated using a simplified microcosm system consisting of a single 
bacterial-feeding nematode species. It was found that the numbers of nematodes 
extracted fi*om the sand planted with pea inoculated with either strain FI 13 or FI 13G22 
were up to 200 times greater than numbers extracted from sand surrounding non- 
inoculated controls, and that in sand planted with wheat, C.elegans numbers were 
approximately six times lower from inoculated plants as compared to non-inoculated 
controls.
Since C.elegans responded to inoculation with Pseudomonas fluorescens strains FI 13 
and F113G22 in a similar (though exaggerated) way to the total nematode community 
found in soil (Chapter 5), it is suggested that C.elegans may be a suitable model 
organism to further investigate the effects of inoculation with these strains on nematode 
population dynamics.
It is also important to note that the response of C.elegans to plant inoculation with the 
P.fluorescens strains was more pronounced in these systems than the response of soil 
nematodes in natural soil. The reasons why C.elegans populations responded more 
sensitively to plant inoculation with P.fluorescens strains FI 13 and FI 13G22 in the sand 
systems as opposed to the natural soil systems may be because the use of simple sand 
systems minimised the number of ecological interactions occurring within the 
microcosms. Thus the influence of a range of organisms such as fungi, protozoa and 
predators of soil nematodes, to name a few, were completely removed. The use of such 
simplified systems enables investigation of specific interactions between organisms, and 
will ofl;en lead to exaggeration of population effects where the influence of interacting 
factors is removed. The study only looked at the influence on one bacterial-feeding 
nematode. A bacterial-feeder was chosen because this trophic group is considered likely 
to be the most important in mediating the effects on nitrogen cycling (Ingham et al..
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1985) by the release of microbially-immobilised N and stimulation of bacterial activity, 
and C.elegans itself was chosen because of its ease of growth and manipulation and the 
extensive knowledge concerning its biology. In natural soil, however, nematode 
populations will consist of other trophic groups such as fimgal-feeders, plant parasites, 
omnivores, eukaryote unicellular feeders, predators of soil animals and so on, in addition 
to a range of bacterial-feeding species. The abundance and diversity of nematodes in the 
previous soil studies may have acted as a buffer on population numbers in the presence 
of a range of other species and trophic groups. Since these data exaggerate the trends 
observed in previous studies it is suggested that the observed effects on the 
mineralisation of organic residues were most likely due to changes in numbers of 
bacterial-feeding nematodes.
The low numbers of nematodes extracted from microcosms planted with non-inoculated 
pea seeds in the first part of this study suggested that survival of the introduced 
nematode was low, with numbers extracted being lower than the numbers introduced. 
Since effects on nematodes mediated early in plant growth or during seed germination 
may in part explain the overall low population numbers in microcosm after 17 days, in 
the second part of this study the short-term sui*vival of C.elegans in the presence and 
absence of inoculated or non-inoculated germinating seeds was investigated. The results 
suggest that germinating pea seeds have a negative effect on the sumval of 
Caenorhabditis elegans, and that this effect is reduced by inoculation with Pseudomonas 
fluorescens strains. It is possible that the negative effect of non-inoculated pea seeds is a 
result of the exudation of nematicidal metabolites by the seed, and that strains F113 and 
F113G22 may utilise these metabolites, resulting in survival rates similar to the 
unamended control (without seeds). One group of seed exudates which may conceivably 
be involved in such a mechanism are the volatiles or gaseous exudates released during 
seed germination. Germination and growth of fungal pathogens such as Pythium 
idtimum, Rhizoctonia solani and Sclerotium rolfsii have been found to be stimulated 
rapidly by germinating pea seeds (Stasz and Harman, 1980; Stasz et al., 1980; Lifshitz et 
al., 1984; Norton and Harman, 1984). This stimulation has previously been attributed to 
water soluble sugars and amino acids exuded by the seed or seedling (Kraft, 1974; Short
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and Lacey, 1976; Schlub and Schmitthenner, 1978). However, volatile compounds such 
as ethanol and acetaldehyde are also produced by germinating seeds (Vancura and 
Stotzky, 1976; Gorecki et al., 1985; Weller et al., 1988). Volatile exudates are 
produced sooner than water soluble exudates (Nelson, 1987) and may diffuse further and 
faster, especially in unsaturated soils. Paulitz (1991) found that hyphal growth from soil- 
produced sporangia of P.ultimiim was stimulated by volatiles from germinating pea 
seeds, and this stimulation was reduced when seeds were treated with Pseudomonas 
fliiorescens NIR. Ethanol and acetaldehyde at a concentration of 10 pi 1'^  also 
stimulated grovyth of P.ultimiim. In addition, treatment of seeds with NIR reduced the 
concentration of ethanol and acetaldehyde produced by germinating pea seeds during the 
24 hours after imbibition. Further, strain NIR was found to use ethanol as a sole carbon 
source in culture, completely metabolising 15-500 pi 1'^  within 48 hours. It was thus 
suggested that NIR may reduce damping-off by competing for and using volatile 
exudates from germinating pea seeds. Other examples of microbial utilisation of volatile 
seed exudates include studies by Harman et al. (1982) which found that Pseudomonas 
spp., when inoculated onto pea seeds, could use more than 80% of the aldehydes from 
aerial solution. Stanier et al. (1966) suggest that over 80% of strains of P.fliiorescens 
biotypes B, C and D can use ethanol as a sole carbon source.
There is also evidence which suggests that C.elegans is sensitive to volatile anaesthetics 
and ethanol (Eckenhoff and Yang, 1994; Morgan and Sedensky, 1995), rendering them 
immobile. These effects are generally reversible on removal from the source, though at 
high exposure rates may lead to organism death.
It is postulated that non-inoculated pea seeds may have had a negative effect on survival 
of C.elegans due to the production of such toxic volatile metabolites during seed 
germination. This effect may have been reduced by inoculation with Pseudomonas 
fliiorescens strains which may be able to utilise such compounds as carbon and energy 
sources, lowering their concentration in the vicinity of pea seeds.
This increase in short-term survival of C.elegans, coupled with subsequent increases in
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carbon fractions in the rhizosphere of pea inoculated with either strain F113 or FI 13G22 
(Naseby and Lynch, Submitted) may help to explain the observed increases in C.elegans 
and nematode populations associated with the rhizospheres of F113 and F113G22 
inoculated pea.
In wheat, where no increase in survival was observed, it is speculated that effects on 
nematode populations in sand or soil are mediated at a later stage of plant growth, and 
that populations are not affected by seed exudation, but by changes in root exudation 
during later seedling growth.
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CHAPTER 7
General Discussion and Future Work
Chapter 7
SUMMARY AND CONCLUSIONS
The principle aim of this thesis was to investigate the effects of the introduction of 
Pseudomonas fluorescens strains F 113 (a potential biocontrol agent) and F113G22 (a 
modified derivative of FI 13 with biocontrol capacity genetically deleted) on nitrogen 
dynamics in the rhizosphere. More specifically it aimed to address whether the 
introduction of these strains resulted in changes to plant nitrogen uptake. There were 
considered to be many aspects of the nitrogen cycle which could potentially be 
influenced by the large-scale introduction of bacteria to the rhizosphere of crop plants, 
but ultimately the most important aspect from an agricultural standpoint was considered 
to be uptake of N by the plant, since this is most likely to influence crop productivity. 
In this way, the plant's nitrogen status could be used as a biological indicator of net 
changes to the soil internal N-cycle.
In Chapter 2, the effects of inoculation of wheat and pea with P.fluorescens strains F113 
and F113G22 on the uptake of fertiliser-derived nitrogen were investigated. It was 
found that there were no significant effects of either strain on the total uptake of 
nitrogen per se or on the uptake of fertiliser-derived nitrogen.
In subsequent studies described in Chapters 3 and 4, the effects of inoculation with 
these strains on the uptake of nitrogen from mineralised organic residues were 
investigated. The results suggested contrasting effects of inoculation on plant N 
availability resulting from inoculation with the strains, depending on plant species. 
Whilst the strains promoted mineralisation of organic residues in the rhizosphere of pea, 
inoculation with the same strains led to decreased mineralisation of organic residues in 
the rhizosphere of wheat as compared to non-inoculated controls.
It was subsequently found that the contrasting effects on nitrogen mineralisation were 
related to the size of the microfaunal populations, in particular numbers of soil 
nematodes (Chapter 5). It was suggested that changes in populations of microbial- 
feeding microfauna led to changes in the extent of N-mineralisation or remineralisation 
of microbially-immobilised N.
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A further study (Chapter 6) evaluated the population response of a typical bacterial- 
feeding nematode {Caenorhabditis elegans) to plant inoculation with strains F113 and 
F113G22 in simple sand systems. It was found that populations of the introduced 
nematode were more sensitive to inoculation in these systems than the total free-living 
soil nematode populations estimated in natural soil in Chapter 5. In addition, it was 
found that short-term (24 hour) survival of C.elegans in sand in the presence of 
germinating pea seeds, was improved by inoculation with either P.fluorescens strain 
FI 13 or F113G22 (Chapter 7).
The main conclusions from this work can thus be summarised as follows:
(1) Inoculation of wheat and pea seeds with Pseudomonas fliiorescens strains F113 and 
F113G22 appears to have no direct effect on plant nitrogen uptake during early seedling 
growth.
(2) Inoculation of pea seeds with strains F113 or F113G22 leads to an increase in the 
mineralisation of N from organic residues in the rhizosphere at least in the short term 
(17 d).
(3) Inoculation of wheat with strains FI 13 or F113G22 leads to a decrease in the 
mineralisation of N from organic residues in the rhizosphere in the short-term (17 d).
(4) The net effect of seed inoculation with P.fluorescens strains FI 13 or F113G22 on 
mineralisation of organic nitrogen in the rhizosphere is therefore plant-species 
dependant.
(5) These changes in nitrogen mineralisation in the rhizosphere are mediated by soil 
microfaunal populations, and are not correlated with active microbial biomass measured 
at the time of sampling.
(6) Soil nematodes, rather than protozoa, play the dominant role in regulating N- 
mineralisation in these systems.
(7) Caenorhabditis elegans responds to plant inoculation with FI 13 or F113G22 in a 
more sensitive way than the total free-living soil nematode communities.
(8) Bacterial-feeding nematodes are probably the most important group of soil 
nematodes regulating effects on organic matter mineralisation in these studies.
(9) Survival of bacterial-feeding C.elegans is improved in the presence of pea seeds 
inoculated with either strain FI 13 or FI 13G22 as compared to non-inoculated seeds.
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(10) The DAPG-producing Pseudomonas fluorescens strain FI 13 behaves no differently 
to strain F113G22, which has DAPG production deleted, in terms of soil N-cycle 
functioning.
Some of the major questions raised by this work can be summarised as follows;
(1) Was DAPG produced in the rhizosphere of both crop species?
(2) Do the effects on nitrogen mineralisation and soil microfaunal populations occur 
over a longer time-scale, under varying environmental conditions and in the field?
(3) What are the factors determining the outcome of seed inoculation with FI 13 and 
F113G22 on soil nematode populations?
(4) How does seed inoculation with FI 13 and F113G22 affect the composition of 
rhizosphere nematode communities?
(5) Do changes in nematode numbers or community structure as a result of the 
introduction of strains FI 13 and FI 13G22 to the rhizosphere affect other soil processes?
(6) Can soil nematodes be used as biological indicators of perturbation to soil ecosystem 
function?
In this chapter, discussion of some of the important points relating to these conclusions 
and questions will given, along with suggestions for future work.
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POTENTIAL SIDE-EFFECTS OF PSEUDOMONAS FLUORESCENS STRAINS
FI 13 AND F113G22
The results of the studies described in this thesis have clearly indicated that the 
introduction of strains FI 13 and F113G22 to the rhizosphere may result in perturbation 
to soil ecosystem function. In the microcosm studies carried out, introduction of either 
Pseudomonas fluorescens strain FI 13 or FI 13G22 led to significant effects on the soil’s 
internal nitrogen cycle (Chapters 3 and 4) and on soil faunal populations (Chapters 5 
and 6).
However, there were no significant differences in nitrogen mineralisation or 
microfaunal population effects between seeds inoculated with P.fluorescens FI 13 and 
those inoculated with FI 13G22.
Active microbial biomass in the rhizosphere of pea was found to decrease where seeds 
were inoculated with the DAPG producing strain FI 13, as compared to those inoculated 
with the non-DAPG producing strain, F113G22 (Chapter 3). This may have been due 
to the production of the antimicrobial metabolite DAPG, reducing microbial biomass. 
However, no such effect was observed in the rhizosphere of wheat (Chapter 4). It is 
possible that this may have been a consequence of the difference in rhizosphere 
microbial communities between the two different plant species (for example the absence 
of DAPG-sensitive organisms in the rhizosphere of wheat) or to differences in DAPG 
production levels in the rhizospheres of the two plant species, as discussed later in this 
chapter.
Overall, the nitrogen cycle measurements and microfaunal population measurements 
seem to have been more reliable and sensitive indicators of perturbation than microbial 
population and biomass measures. If these are considered, then it is important to 
suggest that the introduction of these strains to the rhizosphere of crop plants may alter 
soil nutrient cycling, since the results of these studies have indicated that mineralisation 
of organic nitrogen is altered by the introduction of these strains. However, since in no 
case was plant nutrient status harmed, it is unlikely that such disruptions would result in
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decreased plant productivity. It is also important to recognise that these effects on 
nitrogen cycling and soil microfaunal populations were no different in F113-inoculated 
plants than in plants inoculated with F113G22. It is therefore considered unlikely that 
the production of DAPG by the introduced biocontrol strain would disrupt normal soil 
ecosystem function.
Curl and Truelove (1986) summarised the effects of rhizosphere microorganisms on 
plant growth as influencing the following processes:
1. Nutrient availability and uptake; mineralisation, phosphate availability and 
absorption, availability and uptake of minor elements, competition for nutrients, root 
morphology, faunal activity.
2. Non-symbiotic nitrogen fixation.
3. Symbiotic relationships such as rhizobia and mycorrhizae.
4. Plant responses to microbial metabolites.
5. Plant pathogen activity and disease.
It may therefore be assumed that the large-scale introduction of a particular 
microorganism to the rhizosphere could influence any of these processes. The current 
literature combined with the data contained within this thesis largely address the 
influence of Pseudomonas fluorescens strains FI 13 and F13G22 on many of these 
processes. This is summarised below in Table 7-1. In almost all these studies, 
production of DAPG by strain F113 is considered unlikely to harm normal soil 
ecosystem function or plant health.
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Table 7T Plant growth processes influenced by introduction of Pseudomonas 
fluorescens strains F113 and FI 13G22.
Process Reference
Nitrogen availability and uptake Chapters 2, 3 & 4
Mineralisation Chapters 3 & 4
Competition for nitrogen Chapters 2, 3 & 4
Phosphate availability and absorption Moënne-Loccoz et al. (1998b) 
Naseby and Lynch (1998) 
Naseby etal. (1998)
Availability and uptake of sulphur Moënne-Loccoz etal. (1998b) 
Naseby and Lynch (1998) 
Naseby et al. (1998)
Faunal activity Chapters 5 & 6
Effects on root morphology Dixon-Hardy et al. (Submitted)
luQgame-Rhizobium interactions Andrade et al. (1998) 
Moënne-Loccoz etal. (1998a,b) 
Dixon-Hardy et al. (Submitted)
Mycorrhizal formation Andrade etal. (1998) 
Bareaetal. (1998)
Effects of microbial metabolites on plants 
(DAPG, HCN, Siderophores)
Andrade et al. (1998) 
Moënne-Loccoz et al. (1998a,b) 
Dixon-Hardy et al. (Submitted)
Plant pathogen activity and disease Fenton et al. (1992) 
Shanahan et al. (1992) 
Cronin et al. (1997a, b)
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STRAIN F113 AS A BIOCONTROL AGENT
In chapter 1, several important adaptations of fluorescent Pseudomonas species which 
make them ideal vehicles for the delivery of beneficial genes to the rhizosphere were 
discussed. These included their biochemical versatility i.e. their ability to grow on a 
wide range of substrates, their ability to respond rapidly to increases in substrate supply, 
their rapid growth rate in the rhizosphere and their ability to produce a range of 
secondary metabolites including antimicrobial compounds. These characteristics are 
often believed to play a significant role in the natural ability of many fluorescent 
Pseudomonas spp. to reduce the incidence of plant disease and/or the numbers of plant 
pathogens in soil. Specific mechanisms responsible for observed biocontrol ability 
include the production of antibiotic compounds, direct competition with other 
microorganisms for available nutrients, competition for iron by the production of 
siderophores and the production of toxic volatile compounds such as HCN. In many 
cases, it is likely that a combination of these factors are responsible for observed effects 
on plant health.
However, when specific strains with biocontrol potential are tested for possible side 
effects on the soil ecosystem, it is usually the action of one specific mechanism (or 
indeed the action of one specific metabolite) which is considered. In this instance, 
biocontrol capacity of strain F113 against a range of plant pathogens has been attributed 
mainly to the action of the secondary metabolite DAPG (Fenton et al., 1992; Shanahan 
et a l, 1992; Cronin 1997a, 1997b), and it is the production of this compound which has 
been the key element determining the nature of the experiments described in this thesis. 
It is primarily the production of the antibiotic DAPG in the rhizosphere which has been 
assessed in terms of possible side-effects.
Production of DAPG in the Rhizosphere
The results of Chapter 3 indicated that the active microbial biomass in the rhizosphere 
of pea was decreased in plants inoculated with the DAPG producing strain FI 13, as 
compared to plants inoculated with the non-producing strain F113G22. The most likely
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explanation for this is that DAPG was produced in the rhizosphere of pea inoculated 
with FI 13, and that production of DAPG was responsible for the decrease in microbial 
biomass. However, there was no such effect found in the rhizosphere of wheat.
Production of DAPG in the rhizosphere was not monitored in the studies described in 
this thesis, however, previous studies have quantified production of DAPG by other 
strains in the rhizosphere of wheat. Keel et al. (1992) recovered 0*04 and 0-1 |xg 
DAPG per gram of root from both healthy and G.gi'aminis var. /77Y/c/-infected roots of 
wheat inoculated with P.fluorescens CHAO grown in sterile artificial soil. Maurhofer et 
al. (1995) recovered 0*25 and 0*23 pg of DAPG per gram root from healthy wheat roots 
and wheat roots infected with Pythium iiliimum respectively, using a similar system 
with seeds inoculated with strain CHAO grown in sterile artificial soil. Bonsall et al. 
(1997) demonstrated for the first time that DAPG was produced in a natural rhizosphere 
environment, using wheat treated with Pseudomonas fluorescens strain Q2-87 grown in 
natural soils. Following the application of P.fluorescens Q2-87 to wheat seeds, between 
0-47-2'1 pg DAPG per gram of root were isolated from the rhizosphere after 11 days.
Since the rhizosphere of wheat has been shown to support the production of DAPG by 
Pseudomonas fluorescens strains in both natural and artificial soil, there is no evidence 
to suggest that DAPG might not have been produced in the rhizosphere of wheat in the 
studies presented in this thesis. However, there are many factors which may influence 
the levels of DAPG production in the rhizosphere. Shanahan et al. (1992) investigated 
a number of physiological parameters influencing the production of DAPG by strain 
F113 in viti'o. They found that different carbon sources influenced the production of 
DAPG. When pregrown cells were incubated in the presence of sugars and amino 
acids, fhictose, sucrose and mannitol promoted high yields of DAPG, whereas no 
DAPG production was observed when cells were incubated with glucose or asparagine, 
even though cells remained viable. This selective enhancement of antibiotic production 
by certain carbon sources is particularly relevant to the production of DAPG in the 
rhizosphere, and suggests that production of DAPG, and thus biocontrol capacity, may 
be mediated by plant root exudate composition. It is possible, therefore, that levels of 
production of DAPG in the rhizosphere of pea and wheat may be different due to
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differences in root exudate composition between plant species. In their study, Bonsall 
et al. (1997) also found that DAPG production levels differed between soil types. Thus 
P.fluorescens Q2-87 in the rhizosphere of wheat grown in a Ritzville silt loam produced 
four times as much DAPG than Q2-87 in the rhizosphere of wheat grown in a Shano silt 
loam when expressed as p,g DAPG per gram of root plus rhizosphere soil. When 
calculated on the basis of cell density, Q2-87 produced approximately twice as much 
DAPG in the rhizosphere of wheat grown if the Ritzville soil as compared to the Shano 
soil.
In addition to possible differences in the level of DAPG production in the rhizospheres 
of wheat and pea, differences in microbial populations associated with the roots of the 
two plant species may have played a role in determining the outcome of DAPG 
production on microbial biomass. If the community of organisms associated with pea 
were more susceptible to the action of DAPG than the populations present in the 
rhizosphere of wheat, then the net effect may have been one of decreasing biomass in 
the rhizosphere of pea whilst having no effect on microbial biomass in the rhizosphere 
of wheat. It is important that in none of the studies described were systems challenged 
with inocula of plant pathogens known to be controlled by DAPG. The effects of 
DAPG on indigenous microbial populations will be more difficult to quantify compared 
with effects on plant pathogens known to be susceptible to the action of DAPG.
A further factor which may play a role in determining the outcome of DAPG production 
on microbial populations or biomass is the possibility of microbial degradation of 
DAPG in the rhizosphere. Armstrong and Patel (1994) reviewed biodégradation of 
phloroglucinol and other polyphenolic compounds by microbes via both aerobic and 
anaerobic metabolic pathways. Aerobic microorganisms in the rhizosphere may initiate 
the mineralisation of DAPG in much the same way as they do phloroglucinol and other 
polyphenolics by either a reductive pathway, epoxide formation or a specific 
hydroxylating mechanism. Cleavage of the various intermediates of phloroglucinol 
degradation may occur by intradiol and extradiol mechanisms as detailed by Armstrong 
and Patel (1994).
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It is perhaps not unlikely that specific microbes in the rhizosphere may have the ability 
to degrade or utilise DAPG as a carbon and energy source, and this is another area 
which may warrant further investigation in order to assess possible effects on ecosystem 
system.
Other characteristics of strains FI 13 and F113G22
In addition to the production of DAPG, Pseudomonas fluorescens strain F113 (and 
therefore presumably strain F113G22), produces hydrogen cyanide, extracellular 
proteases and fluorescent siderophores (Fenton, 1992; Shanahan et ah, 1992; Dunne et 
al., 1996). All of these may be involved in biocontrol of plant pathogens to some 
extent, and may also influence soil saprophytic microbial activities. For example, on a 
low iron medium, the production of siderophores by strain F113G22 still enabled the 
strain to inhibit the growth of P.ultimum (Shanahan et al., 1992). Furthermore, the 
introduction of any fluorescent Pseudomonas strain to the rhizosphere may promote 
competition with indigenous microflora for nutrients and ecological niche. These 
factors may, in part, explain the similarities in the effects resulting from the introduction 
of strain FI 13 and those from F113G22. In the absence of plant pathogens controlled 
by DAPG, the strains had very similar effects on the ecology and functioning of the 
rhizosphere.
Soil microcosm studies and their relation to the field
Though the results of this thesis suggest that there may be little risk of harmful effects 
to the nitrogen cycle in soil as a result of the introduction of the biocontrol strain FI 13 
to the rhizosphere, all the studies described in this thesis have been carried out under 
laboratory/growth chamber conditions. It is difficult to predict the ecological impact of 
an inoculant using data obtained solely under laboratory conditions. For example, 
previous studies found that a /acZY-marked derivative of Pseudomonas fluorescens 
strain FI 13 was biocidal to Bradyrhizohium japonicum in laboratory cultures and on 
soybean seeds, but that in the field nodulation of soybean whose seeds were inoculated 
with B. japonicum was improved in the presence of the Pseudomonas strain added to
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soil (Corich a/., 1995).
Soil microcosm studies may provide a more reliable indicator of performance in the 
field than in vitio laboratory culture experiments, but growth chamber and greenhouse 
experiments rarely simulate the complexity of agricultural ecosystems. In soil 
microcosm studies carried out in controlled-environment growth chambers, Naseby and 
Lynch (1998), found soil enzyme activities were significantly different in the 
rhizospheres of pea inoculated with FI 13 as compared to non-inoculated controls. 
Alkaline phosphatase, phosphodiesterase and aryl sulphatase activities were 
significantly higher in the presence of FI 13, whilst (3-glucosidase, P-galactosidase and 
N-acetyl glucosamine were found to decrease with inoculation. In the field however, no 
significant differences between any enzyme activities in the rhizosphere soil of non- 
inoculated controls or sugarbeet inoculated with a rifampicin resistant mutant of 
Pseudomonas fluorescens FI 13 (FI 13Rif) were found (Naseby et a l, 1998).
This is perhaps because soil microcosm studies often represent optimal environmental 
conditions. In the field, environmental conditions vary both temporally and spatially to 
a large extent, and such variation, may, in part, explain the occurrence of effects not 
predicted by laboratory-based studies. Ideally the effects of potential biocontrol strains 
should be tested under a range of environmental conditions and in a range of soil types. 
Subsequently, inocula should be tested in field trials prior to any large-scale release.
Strategies for using Pseudomonas fluorescens FI 13 for biocontrol in the field
One important factor limiting the use of microbial inoculants for protection of crops 
against soilborne plant disease is the inconsistency of performance associated with 
bio control agents when released in the field. Despite many years of research, there have 
been very few reported successful applications of biocontrol agents in the field. Several 
explanations have been proposed to account for this lack of consistency, one of them 
being the sensitivity of biocontrol mechanisms to changes in environmental conditions 
(Weller and Thomashow, 1994). Genes responsible for the production of antimicrobial 
compounds may be regulated differently under varying environmental conditions, and
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therefore biocontrol mediated through a single antifungal metabolite may be adversely 
influenced by soil conditions prevailing at the time of release (Scher and Baker, 1982; 
Keel et a l,  1989; Pierson and Weller, 1994; Dunne et a l, 1998). Temperature is one 
such environmental variable which has been found to influence the production of 
DAPG by strain FI 13 in vitro, with maximum DAPG production occurring when cells 
were grown at 12“C (Shanahan et a l, 1992). In the field, Dunne et al, (1998) found 
inoculation of sugarbeet with Pseudomonas fluorescens F113Rif was ineffective in 
preventing Py /^?m/?7-mediated damping-off in the field, despite all previous in vitio and 
microcosm studies indicating the efficacy of the strain.
One area which may lead to the development of more reliable biocontrol agents is the 
use of microbial consortia, making use of multiple antimicrobial traits, which may 
prove advantageous by ensuring that at least one of the biocontrol mechanisms will 
function under the prevailing field conditions (Pierson and Weller, 1994). Thus 
combining two or more bio control strains may improve the levels of plant protection 
achieved compared to using each biocontrol strain alone. Dunne et a l (1998) found the 
use of a consortium of compatible biocontrol strains consisting of the DAPG producing 
Pseudomonas fluorescens strain F113Rif and the proteolytic strain Stenoti'ophomonas 
maltophila W81 improved protection of sugarbeet against Py^/zzww-mediated damping- 
off disease in the field. Despite both strains being effective in protecting seedlings from 
damping-off in microcosm studies, in the field, the coinoculation of both strains was the 
only effective treatment. Future work may assess whether this improvement in plant 
protection achieved when using a consortium of wild-type biocontrol strains can be 
achieved by combining the corresponding biocontrol traits by genetic means in a single 
strain. However, such an approach may lead to strains with decreased environmental 
fitness as compared to the parent strains, due to increased metabolic load. For example. 
De Leij et a l  (1998) found that the incorporation of three different marker genes into 
P.fluorescens isolate SBW25 decreased environmental fitness and rhizosphere 
competence of the strain as compared to the original isolate.
Another key area for future research with respect to improving the performance of 
biocontrol strains is the development of bacterial strains overproducing active
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metabolites. Pseudomonas fluorescens strains F113R:pCUGP and F113Rif:pMEGP are 
DAPG overproducing strains which are currently being tested in laboratory studies 
(IMPACT n  Contractors Meeting Report, 1998); however, to date no studies on this 
strain have been published.
However, work has been carried out on other strains overproducing DAPG. 
Pseudomonas fluorescens strain CHAO produces a variety of secondary metabolites, 
and in particular the antibiotics pyoluteorin and DAPG play a role in the observed plant 
protection against fungal pathogens (Maurhofer et a l, 1992). Schnider et al., (1995) 
amplified the housekeeping sigma factor in strain CHAO. Strains CHA0/pME3424 and 
CHA0/pME3423, containing the amplified sigma factor, both demonstrated enhanced 
antibiotic production and improved protection of cucumber against Pythium damping- 
off. Strain CHA0/pME3424 has been tested in laboratory studies for detrimental effects 
on the formation of arbuscular mycorrhizae (Edwards et ah, 1998) and populations of 
Sinorhizobium meliloti (Niemann et al., 1997). In addition to effects on plant 
symbionts, the rifampicin-resistant mutant CHA0-RifrpME3424 has been tested for 
effects on resident root-colonising pseudomonad populations (Natsch et al., 1997) and 
total culturable bacteria (Natsch et al., 1998). The results of all these studies suggest 
that there is little chance of permanent perturbation to indigenous microbial populations 
resulting from the introduction of these strains. However, Maurhofer et al. (1995) 
found overproducing strains of CHAO had detrimental effects on certain host plants. 
Whilst wheat and cucumber were unaffected by inoculation with overproducing 
mutants, they were found to be detrimental to tobacco and sweet corn. As with the 
strategies involving incorporation of multiple microbial traits in a single bacterial strain, 
overproducing strains may also suffer from similar problems of decreased 
environmental fitness as a consequence of increased metabolic load.
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THE RHIZOSPHERE EFFECT
Introductions of plant growth promoting bacteria into soil to provide plant protection or 
direct growth stimulation rely on the ability of inocula to effectively colonise the 
rhizosphere of target crops. The effective colonisation of the rhizosphere by bacterial 
biocontrol agents is therefore essential for the protection of crops against plant 
pathogens (O’Sullivan and O’Gara, 1992; Weller and Thomashow, 1994). This usually 
involves the delivery of high numbers of bacteria into the soil. Such introductions will 
in almost all cases result in some perturbation to rhizosphere dynamics. It is important 
to ensure that such introductions result in beneficial changes which outweigh any 
possible detrimental effects.
The ‘rhizosphere effect’ refers to any chemical or physical influence of living roots on 
microbial or soil faunal activity and subsequent effects on plant health and vigour. The 
primary contributing factor to the rhizosphere effect is rhizodeposition of organic 
substances. In considering rhizodeposition, it is also important to include here 
compounds released by germinating seeds (the spermosphere).
The results of Chapter 5 provided evidence that the previously observed effects on 
mineralisation of organic nitrogen in the rhizosphere of wheat and pea were due to 
changes in soil microfaunal populations. It was speculated that the observed (different) 
responses of the soil microfauna associated with the two crop species, to inoculation 
with Pseudomonas fluorescens strains F113 and F113G22, were mediated by plant 
exudation patterns. Different plant species are known to affect the composition of 
rhizosphere populations in different ways (See Chapter 1), and it is most likely that 
plant genotype affects rhizosphere populations by encoding different root and seed 
exudates (Neal etal., 1973).
The data obtained in Chapter 6 suggest that in pea, exudates released by germinating 
seeds such as volatiles may have had a negative effect on C.elegans and therefore 
possibly on native soil nematode populations, and that this effect may be reduced by 
inoculation with P.fluorescens strains, which may utilise the exudates responsible as a
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carbon source. Data obtained by other authors (Naseby and Lynch, Submitted) also 
suggest changes to certain carbon fractions in the rhizosphere of soil-grown pea after 17 
days. For example, they found increases in the quantities of certain organic acids in the 
rhizosphere of FI 13 and F113G22 inoculated plants. Such increases in microbially- 
available carbon may support increased microbial activity and may thus fiirther amplify 
existing differences in the number of bacterial-feeding nematodes induced at the seed 
germination stage. In wheat, where no seed exudation response was observed (Chapter 
6) it is suggested that effects on nematode population growth are mediated by plant root 
exudates released at a later stage of growth. To date there are no quantitative data 
available for microbially-induced changes in root exudation for wheat.
Changes in rhizodeposition or seed exudation as a consequence of plant inoculation 
may influence the soil-plant system in almost as many ways as there are compounds 
released; subtle changes in the quality or quantity of sugars, amino acids, vitamins, fatty 
acids, volatiles and the like, may all lead to effects on rhizosphere population dynamics 
depending on the nature of the organisms responding. The results of the studies 
described in this thesis illustrate the importance o f ‘exudate effects’ in mediating effects 
of microbial inoculants on the soil-plant system. The net effect of a rhizosphere 
interaction may therefore be one of stimulating or inhibiting certain components of the 
rhizosphere community leading to altered rhizosphere processes.
Specific ‘rhizosphere effects’ may also govern the outcome of plant inoculation with 
P.fluorescens strains by influencing antibiotic production. It has been suggested, for 
instance, that the presence or absence of specific carbon compounds can affect the 
production of DAPG. Thus qualitative changes in carbon source availability in the 
rhizosphere may influence microbial populations by regulating biocontrol capacity of 
strain FI 13.
In considering the role of rhizosphere interactions in determining the outcome of plant 
inoculation with bacterial strains, there are a number of variables which need to be 
taken into account. Some of these are discussed in the following section of this chapter.
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Factors determining the ^Riiizosphere Effect’ and outcome of plant inoculation 
Plant Species
As discussed in Chapter 1, different plant species and indeed even different cultivars of 
the same species have been found to vary in their seed and root exudation patterns and 
associated rhizosphere microbial populations. The results of the studies described in 
this thesis have clearly shown that such differences may play a major role in 
determining the outcome of plant inoculation on soil processes. It would therefore seem 
pertinent that studies on biocontrol agents or other inoculants designed for large-scale 
field release should be tested on a range of plant species. It would seem especially 
important where a microbial inoculant has more than one target crop that results from 
risk assessment studies are not extrapolated from one crop species to another.
Plant Age/Stage o f Development
In Chapter 1, studies on the influence of plant age and stage of development on root 
exudation and microbial colonisation were described. Since it has been suggested that it 
is differences in seed exudation, rhizodeposition and microbial colonisation between 
wheat and pea which are primarily responsible for the differences in the outcome of 
plant inoculation with FI 13 and FI 13G22, then it may also be suggested that changes in 
the latter processes over time within each plant species may also influence the outcome 
of plant inoculation on nitrogen mineralisation and faunal population dynamics. In 
order to assess this, further studies to quantify nitrogen mineralisation and soil faunal 
effects over a range of time points need to be earned out. Results of Chapter 6 suggest 
that in pea, the effects of FI 13 and F113G22 on soil microfaunal populations may 
operate principally during seed germination, though effects may be amplified later. In 
wheat however, the observed effects may be mediated at a later stage, since no effects 
were obseiwed at the seed germination stage.
Field release studies of P.fluorescens SBWEeZY-6KX found perturbations to 
indigenous culturable microbial populations in the rhizosphere of wheat were transient, 
occurring during early plant growth but not at harvesting (De Leij et a l, 1995).
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Soil Type
Soil type refers to a combination of properties relating to the texture (size and 
distribution of mineral particles) and structure (arrangement or grouping or particles 
into aggregates) of a soil. Soil conditions such as aeration, water-potential gradients 
and heat transfer will vary with soil type and will be further altered as growing root 
systems displace soil particles. Microbial activity in the root zone may contribute to 
soil aggregation and changes in soil structure. Data which appear to suggest differential 
effects of soil type on microbial activity or root exudation must be interpreted with 
caution, since growth rates of the same plant species may differ with soil type, and it 
may be such differences in plant growth rate which are responsible for the changes 
rather than soil type per se. Therefore microbial populations and root exudation 
patterns from the same species may vary when grown in different soil types.
Latour et al. (1996) investigated the composition of fluorescent pseudomonad 
populations associated with roots and found them to vary with both plant and soil type. 
Biodiversity of fluorescent pseudomonads from two uncultivated soils and from the 
roots of two plant species (flax and tomato) cultivated in these soils were compared. 
Phenotypic and genotypic diversity of the isolates was characterised using a range of 
biochemical, physiological and molecular techniques. Statistical analysis indicated that 
both soil type and host plant had an effect on the diversity of fluorescent pseudomonads. 
However, of the two factors investigated, soil type was found to be the most important. 
Since microbial populations associated with the rhizosphere differ with soil type, it 
follows that in all probability root exudation patterns from the same species will also 
vary between soil types. Consequently, the outcome of plant inoculation on nitrogen 
mineralisation and soil faunal populations may be influenced by soil type.
In addition to differences in root exudation and microbial populations, there are a 
number of other factors governed by soil type which may determine the nature or extent 
of a rhizosphere effect. For example, soil texture may affect rates of metabolite 
diffusion. In sandy soils, metabolites may diffuse at a much faster rate than in soils 
with higher clay content. This may play a significant role in determining the extent of 
any rhizosphere effects which are mediated directly by specific root exudate
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components or by microbial metabolites. This may be especially important for volatile 
seed exudates. Pore spaces and water channels also vary between soil types and have 
significant effects on nematode and protozoan movement, feeding and survival.
Also, the production of DAPG has been found to vary with soil type. Bonsall et al. 
(1997) found that following application of P.fluorescens Q2-87 to the seeds of wheat, 
2*1 and 0-47 pg of DAPG per gram of root plus rhizosphere soil were isolated from the 
rhizosphere environments of seeds grown in a Ritzville silt loam and a Shano silt loam 
respectively. Consequently, effects of DAPG on indigenous populations and plant 
growth may vary between soil types.
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THE NITROGEN CYCLE 
Importance of nematodes as regulators of soil nitrogen turnover
It would appear that in the studies described in this thesis, the activity of the soil 
nematodes was a more dominating influence on the mineralisation of organic nitrogen 
than the activity of protozoan populations. Previously, Griffiths (1990) argued that in 
the rhizosphere, the biomass of microbially-feeding nematodes exceeds that of protozoa, 
and that nematodes are more important in terms of nutrient cycling.
However, data on the relative importance of protozoa and nematodes on soil processes 
is extremely variable and should be interpreted with caution. Many authors have 
reported the biomass of protozoa and nematodes in the field, and estimates vary 
considerably. In a review by Bardgett and Griffiths (1997), biomass was recalculated 
from a number of previous studies. Protozoan biomass was found to range from 30 
times that of the nematode biomass to just over two-thirds that of nematode biomass. 
The relative importance of these two groups in nutrient cycling will obviously depend 
not only on biomass, but also on their relative growth efficiencies which are known to 
be different.
The results of these studies also indicate that it is populations of bacterial-feeding 
nematodes which may exert the most significant influence on nitrogen mineralisation in 
the rhizosphere. Previously, Ingham et al. (1985) found that the addition of bacterial- 
feeding nematodes to gnotobiotic soil microcosms inoculated with bacteria led to 
increased growth and nitrogen uptake by blue grama grass due to increased 
mineralisation by bacteria and excretion of NH4  ^ by nematodes, whilst the addition of 
fungal-feeding nematodes to microcosms inoculated with fungi did not increase plant 
growth or N-uptake, since these nematodes excreted less NH4  ^ than the bacterial- 
feeding nematode populations. The fact that populations of the bacterial-feeding 
nematode Caenorhabditis elegans responded to plant inoculation in a more sensitive 
way in simplified experimental systems than indigenous nematode populations in 
natural soil supports this finding.
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FUTURE WORK
The major questions raised by the results obtained in this thesis were suggested at the 
beginning of this chapter to be;
(1) Was DAPG produced in the rhizosphere of both crop species?
(2) Do the effects on nitrogen mineralisation and soil microfaunal populations occur 
over a longer time-scale, under varying environmental conditions and in the field?
(3) What are the factors determining the outcome of seed inoculation with FI 13 and 
FI 13G22 on soil nematode populations?
(4) How does seed inoculation with F113 and F113G22 affect the composition of 
rhizosphere nematode communities?
(5) Do changes in nematode numbers or community structure as a result of the 
introduction of strains F 113 and FI 13G22 to the rhizosphere affect other soil processes?
(6) Can soil nematodes be used as biological indicators of perturbation to soil ecosystem 
function?
In the next section of this chapter, each of these questions will be considered, with 
suggestions for future work.
Was DAPG produced in the rhizosphere of both crop species?
This question has been discussed theoretically earlier in the chapter, but is a question 
which needs to be addressed experimentally. Data on DAPG production in the 
rhizosphere is notably missing from the current literature. Despite numerous laboratory 
and field studies on strains FI 13 and F113Rif, DAPG production has yet to be 
quantified in the rhizosphere of different plants inoculated with strain FI 13 and its 
derivatives. Information on DAPG production is vital if the strain is to be used as a 
successful biocontrol agent in the field.
Bonsall et a l  (1997) devised a protocol for isolating and quantifying DAPG from broth 
and agar cultures and from the rhizosphere environment of plants, and used it to
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quantify production of DAPG in the rhizosphere of wheat by P. fluorescens strain Q2- 
87 and the overproducing strain Q2-87(pPHL5122). The method involves an initial 
extraction step with 80% ethanol at an acidic pH, followed by extraction with ethyl 
acetate and HPLC analysis. This method can presumably be applied to any soil sample, 
though extraction efficiencies may vary with soil type.
Do the obsei*ved effects on mineralisation of organic nitrogen and on soil faunal 
populations occur over a longer time-scale, under vaiying environmental 
conditions and in the field?
The studies described in this thesis were all carried out over a short time period using 
one soil type and as far as possible using controlled or reproducible environmental 
conditions. Ideally, similar microcosm studies should be carried out in a range of soil 
types, with different environmental conditions and over longer time periods. Studies 
should then be carried out in the field. As previously discussed, soil type and associated 
variations in plant growth rates, microbial populations and physical conditions all 
influence rhizodeposition and may therefore influence the outcome of plant inoculation 
with Pseudomonas fluorescens strains. It is important, therefore, that microbial inocula 
are tested under a range of soil conditions. Rhizosphere influence may also change with 
plant age or stage of development and thus studies should be carried out over a longer 
period, preferably over the course of a whole growing season or more if possible. 
Finally, all potential microbial inocula for large-scale commercial release should be 
tested in the field for effectiveness and potential harmful side-effects.
Moënne-Loccoz et al. (1998a) investigated the impact of FllSRif, a spontaneous 
rifampicin-resistant mutant of FI 13, on the growth of sugarbeet and performance of 
subsequent cXovor-Rhizobium symbiosis in the field over a two-year period. In the 
absence of damping-off disease, F113Rif did not influence sugarbeet germination and 
had no effect on root yield, sugar yield and root quality. The F113Rif treatment also 
had no effect on enzyme activities in the rhizosphere (Naseby and Lynch, 1998). In the 
second year, FllSRif had no effect on nodulation, foliage dry matter and nitrogen 
content of clover (Moënne-Loccoz et al., 1998a), nor significant effects on soil 
available nutrients or foliage nutrient contents of clover as determined by electro-
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ultrafiltration analyses (Moënne-Loccoz etal., 1998b).
However, the strain failed to establish itself durably as a predominant member of the 
bacterial community in the rhizosphere of sugarbeet during the first season (Moënne- 
Loccoz et al., 1998a). Studies such as these highlight the difficulties in exploiting 
biocontrol agents in the field.
The second aspect of this question which needs to be addressed experimentally is 
verification of changes in N-mineralisation as a result of seed inoculation. The studies 
described in this thesis have inferred changes in N-mineralisation and plant availability 
of N by using the plant as a bioindicator, but rates of N mineralisation have not been 
quantified. Quantification of N-mineralisation from added organic residues can be 
measured by means of the ^^ N technique (Ladd et ah, 1981; Sorensen et ah, 1994), 
whereby net N mineralisation in planted soil can be calculated as the sum of plant N and 
soil mineral N derived from organic residues (Breland and Hansen, 1998).
What are the factors determining the outcome of seed inoculation with FI 13 and 
F113G22 on soil nematode populations?
The results of this thesis suggest that seed and/or root exudation patterns play a key role 
in determining the outcome of plant inoculation on soil nematode populations, since the 
effects of inoculation with the same bacterial strains differ between plant species.
Studies by Naseby and Lynch (Submitted) have revealed quantitative differences in 
carbon fractions in the rhizosphere of pea inoculated with FI 13 and F113G22 as 
compared to non-inoculated controls. Clearly it would be of value to obtain 
corresponding data on carbon fractions in the rhizosphere of wheat inoculated with 
F113andF113G22.
Data from Chapter 6 suggest that the effects of inoculation of pea on nematode 
populations may be particularly important during seed germination. Chemical analysis 
of seed exudates released by non-inoculated pea seeds and those inoculated with FI 13 
or F113G22, such as by high-performance liquid chromatography (HPLC), may reveal
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specific compounds which are responsible for decreasing the survival of C.elegam and 
other soil nematodes in the rhizosphere of non-inoculated peas. Further studies might 
also address dose-response effects of seed exudates on nematode survival.
Data also suggest subsequent increases in the availability of microbial substrates in the 
form of root exudates, especially organic acids, from FI 13- and F113G22-inoculated 
pea plants (Naseby et a l. Submitted) may further exaggerate the differences in 
nematode populations by supporting a larger microbial population and hence providing 
a larger food source. In wheat, where no seed exudation effect was observed, it is 
suggested that effects of F113 and F113G22 on nematode populations are mediated 
primarily through root exudates released by wheat at least 24 hours after imbibition.
Since many of the data suggest an important role of root and seed exudates on soil 
nematodes, then the factors determining the outcome of seed inoculation on soil 
processes and populations are likely to be very similar to the factors determining root 
and seed exudation patterns. Some of these factors have been discussed previously in 
this chapter, such as the effects of plant species, plant age and stage of development and 
soil type. A number of other factors including environmental variables such as 
temperature, moisture status and oxygen availability, along with anthropogenic 
variables such as inoculum level, planting density, fertiliser addition and cropping 
practices will also influence exudation processes in the field, and therefore may 
influence the outcome of seed inoculation on N mineralisation and soil faunal activity. 
Of these, the anthropogenic variables are the most easy to control and quantify. In this 
respect, further studies on the influence of these factors on the outcome of seed 
inoculation with F113 and F113G22 may be of interest.
How does seed inoculation with FI 13 and F113G22 affect the composition of 
rhizosphere nematode communities?
In the studies described in this thesis, nematode communities in the rhizosphere of 
wheat and pea were quantified in terms of total numbers. Though these measures were 
suggested to be related to plant availability of inorganic nitrogen, what may be of 
further use is data on changes to the functional composition of those populations. The
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idea proposed from data in Chapters 4-6, that bacterial-feeding nematodes are primarily 
responsible for the effects on nitrogen mineralisation, has yet to be verified. By 
quantifying different functional groups of nematodes in the rhizosphere of the two crop 
species, a more complete picture of the system may emerge. Functional groups, or 
trophic groups of soil nematodes can be characterised relatively easily, based on 
identification of their characteristic mouthparts (Yeates et aL^  1993), and as such can be 
classified as bacterial feeders, fungal (hyphal) feeders, substrate ingestors, predators of 
soil animals such as protozoa and rotifers, unicellular eukaryotic (algal) feeders, 
omnivores and plant parasites.
Further experiments to quantify changes in the numbers and proportions of fungal- and 
bacterial-feeding nematodes associated with the rhizospheres of inoculated plants may 
enable quantification of the relative importance of these two groups in mediating the 
observed changes in nitrogen mineralisation.
Do changes in nematode numbers or community structure as a result of the 
introduction of strains FI 13 and F113G22 to the rhizosphere affect other soil 
processes?
The data presented in this thesis suggest that changes in soil nematode populations as a 
result of the introduction of strains FI 13 and F113G22 affect the mineralisation of 
nitrogen in the rhizosphere. Soil nematodes are important regulators of a number of 
other vital soil processes, and changes to soil nematode population numbers or structure 
may therefore result in changes to other processes. For example, the mineralisation of 
soil phosphorus has also been shown to be regulated by microbivorous microfauna. 
Barsdate et a l (1974) observed increases in gross mineralisation of P in bacterial 
treatments grazed by protozoa as compared to those without grazers. Increased turnover 
of P was attributed to greater metabolic activity of bacteria in grazed systems. Coleman 
et a l (1977) found that 40% of initial soil P was immobilised by bacteria 21 hours after 
inoculation of bacteria into glucose-amended sterile soils. When bacterivorous 
nematodes were introduced into soil, significantly more P was remineralised after 24 
days than in the bacteria-only treatments.
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It is possible therefore that the observed changes in soil nematode populations in these 
studies may also have had effects on the mineralisation of P. This could be investigated 
in a similar way to N-mineralisation, using instead the radioactive isotope ^^ P.
Can soil nematodes be nsed as biological indicators of perturbation to soil 
ecosystem function as a result of plant inoculation?
In the studies described in this thesis, functional changes to soil processes as a result of 
plant inoculation were detected in the form of perturbations to the nitrogen cycle. 
However, these changes were not correlated with microbial biomass, numbers of 
fluorescent Pseudomonas spp. or total bacterial numbers as indicated by plate counts 
(data not shown). Recent findings, however, have shown that nematodes are more 
sensitive and reliable indicators of bacterial production than plate counts or biomass 
measures. The biomass of bacterial- and fungal-feeding nematodes, for example, has 
been used as an indicator of the preceding amount of soil microbial biomass production 
(Sohlenius, 1990; Christensen et aL, 1992), and has been found to be a better indicator 
of bacterial production than bacterial biomass (Andren et al., 1988). Direct measures of 
bacteria will not necessarily reflect their production if they are being heavily predated 
since standing stock may be moderated while turnover rate is high. The number of 
nematodes present however, may indicate the productivity of the below-ground system 
for bacteriophages (Freckman, 1988). In a similar way, other functional groups of 
nematodes may represent the production of the system component upon which they 
feed. Categorisation of stylet bearing forms (plant parasites, fungal feeders) and 
omnivores requires more taxonomic and biological information to distinguish feeding 
preferences than is required for bacterial feeders, but can provide valuable information 
about below-ground production.
Parmalee and Alston (1986) quantified nematode feeding groups from different tillage 
systems and interpreted their results to mean that during summer there was a relatively 
greater production of fungi in the soil from a no-till system and bacteria in conventional 
till, based on the numbers of nematodes feeding on these two microfloral groups.
Griffiths et al. (1994) used nematode numbers and functional groups as indicators of
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enhanced microbial activity in a Scottish organic farming system. They found the 
presence of spring barley plants increased the numbers of nematodes, especially plant 
feeders, as compared to fallow plots. Addition of poultry manure caused a significant 
increase in nematode numbers and an increase in the proportion of bacterial feeders, 
indicating increased microbial activity and nutrient cycling.
Nematode community structure may also be useful as a qualitative indicator of the 
status of the soil by comparing various functional groupings or using indices based upon 
species level comparisons. Sohlenius et al. (1987) found that total numbers, numbers in 
various functional groups and relative numbers in various functional groups differed 
among cropping treatments. However, species level indices were less affected in soils 
subjected to different management practices.
Nematode assemblages also constitute a potential tool for assessing the quality of 
terrestrial ecosystems. Nematodes are a very diverse group of organisms, found in all 
soils in high numbers, and are relatively easy to sample and extract. Nematodes 
represent a trophically heterogeneous group, and in addition the presence of a 
permeable cuticle means that they are in direct contact with solvents in the soil capillary 
water. There are many records of specific nematode species showing preferences for 
certain environmental factors and that they show a range of reactions to pollutants and 
other disturbances in soils (Sturhan, 1989). Bongers (1990) proposed a Maturity Index 
(MI) as a gauge of the condition of the soil ecosystem based on analysis of soil 
nematode assemblages. Values on a coloniser-persister (c-p) scale are given for 
families of terrestrial nematodes based upon knowledge of life-history traits. 
Nematodes that rapidly increase in number under favourable conditions are considered 
to be ‘colonisers’, and exhibit traits such as a high colonisation ability, a short 
generation time, large population fluctuations, formation of dauer larvae to bridge 
unfavourable conditions and production of many small eggs. ‘Persisters’, on the other 
hand, tend to have a low reproduction rate, long life-cycle, few offspring, small 
numbers of large eggs, low colonisation ability and are sensitive to disturbance. They 
also tend to live in habitats with long durational stability. Samples are analysed, c-p 
values attributed on a scale of 1-5 (1 = extreme coloniser, 5 = extreme persister) and the
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weighted mean of the taxon scores determined, thus yielding the MI. In general terms 
the higher the MI the less disturbed the habitat, however inevitably there are many 
variables other than pollution or ecosystem disturbance which influence MI including 
pH, salinity, redox potential, vegetation and water-holding capacity (Bongers, 1990), 
Therefore, Bongers (1990) suggests that a bioassay, where a set of soils is inoculated 
with a nematode fauna and their fate followed, may give better results across different 
systems.
Future studies may assess the use of such nematode bioindicators in risk assessment of 
microbial inoculants to be introduced into the rhizosphere of crop plants.
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Appendices
A P PE N D IX  1 -  M IC R O B IO L O G IC A L  AND N E M A T O L O G IC A L  M E D IA
M ain ten an ce  an d  C iiltn re  M ed ia
Tryptone Soya Agar (OxoidP>^ j Unipath Ltd)
Tryptone 15g
Soya peptone 5g
NaCl 5g
Agar 15g
RO water 11
pH 7.3±0.2
Nutrient Agar (Oxoid^^, Unipath Ltd)
Lab-Lemco powder Ig 
Yeast extract 2g
Peptone 5g
NaCl 5g
Agar 15g
RO water 11
pH 7.4±0.2
% Strength Ringer*s solution (Oxoid^^, Unipath Ltd)
NaCl 2.250g
KCl 0.105g
CaClz.ôHzO 0.050g
NaHCOs 0.050g
RO water 11
pH 7.0±0.2
Iso la tion  M ed ia
P~1 Medium (Katoh andltoh, 1983)
KH2PO4 l.Og
MgSO4.7H20 0.5g
KCl 0.2g
NaNOs 0.5g
Desoxycholate 1. Og
Betaine 5.0g
Agar 15.Og
RO water 11
pH 7.3±0.1
Appendices
1/100 Strength Tryptone Soya Broth (OxoiâL^, Unipath Ltd)
Pancreatic digest of casein 0,17g
Papaic digest of soybean 0.03g
NaCl 0.05g
K2HPO4 0.025g
Glucose 0.025g
Amoeba Saline 11
pH 7.33=0.2
Modified Nefjfs Amoeba Saline
NaCl 0.12g
MgSO4.7H20 0.004g
CaCl2.2H20 0.004g
Na2HP04 0.142g
KH2PO4 0.136g
RO water 11
§ All media were autoclaved at 121"C for 15 minutes at 15 p.s.i. before use.
Appendices
APPENDIX 2 - CROPPING HISTORY OF ROAD PIECE SITE, WOBURN
EXPERIMENTAL FARM
Year Crop
1986 Winter wheat
1987 Winter barley
1988 Winter barley
1989 Winter barley
1990 Winter wheat/spring barley
1991 Winter barley
1992 Linseed
1993 Winter barley/spring barley
1994 Winter rye
1995 Winter beans/potatoes
1996 Spring barley/fallow
1997 Winter rape/fallow
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Marcel Dekker, New York. In Press.
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